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Core-shell nanoparticles may have an economic advantage over traditional nanoparticles as a 
catalyst, since the expensive, catalytically active material, which is subsurface, may be replaced with a 
cheaper counterpart. Furthermore, core-shell nanoparticles may be tailored to have a specific structure 
and composition at the nanoscale, due to a mixing of electronic properties of each phase and/or 
geometric effects. In this study, nickel ferrite (NiFe2O4) and zinc ferrite (ZnFe2O4) were chosen as core 
materials around which a cobalt (II, III) oxide (Co3O4) shell was grown. These ferrites were chosen due 
to their structural similarity to Co3O4 as this was expected to allow an epitaxial growth of the Co3O4 
shell onto the ferrite core. Additionally, the difference in the lattice parameter between each ferrite core 
and the Co3O4 shell was postulated to introduce a varying degree of strain onto the shell, particularly 
after reduction when metallic cobalt should be present.  
Core-shell nanoparticles with either a nickel ferrite (NiFe2O4) core or a zinc ferrite (ZnFe2O4) core 
and a cobalt (II, III) oxide (Co3O4) shell (NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 respectively) were 
synthesized, characterized and tested for their performance in the Fischer-Tropsch synthesis. These 
core-shell systems were compared to each other to evaluate the influence of the core and the 
applicability of NiFe2O4 or ZnFe2O4 as core nanoparticles in a cobalt-based Fischer-Tropsch catalyst. 
NiFe2O4@Co3O4 core-shell nanoparticles were also supported on Stöber silica spheres to determine the 
effect of the support on its properties and performance. The influence of two different reduction 
conditions, viz. 180°C (1 hour) or 230°C (2 hours), on the structure and Fischer-Tropsch synthesis 
performance of unsupported and Stöber silica spheres supported NiFe2O4@Co3O4 core-shell 
nanoparticles was also studied.  
Prior to the preparation of the core-shell nanoparticles, each ferrite core was prepared using the 
citrate precursor method. A Fe/M mole % ratio (where M is Ni or Zn) of 2.3 and calcination temperature 
of 450°C yielded phase pure NiFe2O4 or ZnFe2O4 nanoparticles with an average size of 14 nm. Using 
nickel ferrite (NiFe2O4) nanoparticles as a core, the growth of cobalt (II, III) oxide (Co3O4) around the 
core was studied by following a homogeneous precipitation synthesis. It was established that a two-step 
synthesis route was needed to synthesize the core-shell material with a fairly uniform Co3O4 shell. It 
was found that for both NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles, the as-
synthesized materials had a Co3O4 shell around the ferrite core with an average thickness of 2 nm. 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles were compared to each other as 
precursors for Fischer-Tropsch synthesis catalysts. Here, the first report on the nanoscale restructuring 
during reduction of these core-shell nanoparticles in pure hydrogen at 230°C and 250°C, respectively, 
was observed. This resulted in the formation of small cobalt islands on the ferrite surface. Catalytic 
testing of the core-shell materials, NiFe2O4@Co3O4 and ZnFe2O4@Co3O4, after reduction showed a 
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cobalt-time yield of 13.64 µmolCO.gCo-1.s-1 and 4.27 µmolCO.gCo-1.s-1 and a C5+ selectivity of 47 C-% and 
68 C-%, respectively. The observed difference in cobalt-time yield and selectivity between 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles was due to a combination of effects 
that included the presence of cobalt islands over the surface of the core and the difference in extent of 
reduction of each core under Fischer-Tropsch synthesis conditions.  
The core-shell structure in NiFe2O4@Co3O4 core-shell nanoparticles was found to be retained with 
the use of mild reduction conditions of 180°C (1 hour). Thus, the performance in the Fischer-Tropsch 
synthesis of a system with a true core-shell structure with a cobalt shell was established. The former 
has not been reported to date. Owing to the former, strain effects may have contributed to 
NiFe2O4@Co3O4 core-shell (reduced at 180°C, 1 hour) having a low cobalt-time yield of 8.40 
µmolCO.gCo-1.s-1 and a C5+ selectivity of 38 C-% during the Fischer-Tropsch synthesis. It was also shown 
that NiFe2O4@Co3O4 core-shell nanoparticles reduced at 180 °C (1 hour) had a similar activity to 
unsupported Co3O4, however, the former had a higher C5+ selectivity. The differences in the 
performance between NiFe2O4@Co3O4 core-shell (reduced at 180°C, 1 hour) and unsupported Co3O4 
may have been due to strain effects. The nanoscale structural and compositional differences induced by 
each reduction condition applied may have been the cause for the inferior Fischer-Tropsch synthesis 
performance of these core-shell nanoparticles after reduction at 180°C for 1 hour than 230°C for 2 
hours.  
The effect of a Stöber silica spheres support on the characteristics and Fischer-Tropsch synthesis 
behavior of NiFe2O4@Co3O4 core-shell nanoparticles was also investigated. Prior to characterization 
and the Fischer-Tropsch synthesis, NiFe2O4@Co3O4/SiO2 was reduced at either 180°C for 1 hour or 
230°C for 2 hours. A higher cobalt-time yield (23.80 µmolCO.gCo-1.s-1) with a lower C5+ selectivity (44 
C-%) was obtained with reduction at 230°C (2 hours) than 180°C (1 hour). After reduction at 230°C (2 
hours), the influence of the support was clearly seen due to the higher activity obtained with 
NiFe2O4@Co3O4/SiO2. However, the unsupported and supported NiFe2O4@Co3O4 nanoparticles had 
similar product selectivities. After reduction at 230°C for 2 hours and exposure to Fischer-Tropsch 
synthesis conditions, the core-shell structure was retained in NiFe2O4@Co3O4/SiO2 possibly due to 
reducing the contact between the individual core-shell nanoparticles due to the presence of the support. 
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1 Introduction and literature review 
 
Nearly a century ago, Franz Fischer and Hans Tropsch used the findings of Mittasch and Schneider to 
develop the technology nowadays known as the Fischer–Tropsch Synthesis (FTS) [1, 2]. In this reaction, 
synthesis gas derived from a suitable carbon source (coal, natural gas, biomass, or even municipal waste) 
is converted into long chain organic product compounds via a surface polymerization over a catalyst [3-6]. 
Both saturated and unsaturated hydrocarbons (linear and branched paraffin’s and olefins) and oxygenates 
(alcohols, aldehydes, ketones, etc.) are produced in the reaction [3, 4]. Many researchers have focused on 
developing catalysts with high activity and selectivity to liquid products (often denoted as C5+) since the 
Fischer-Tropsch synthesis is attractive for converting solid or gaseous feedstock into liquid fuels (e.g. 
diesel) [7, 8].  
The production of valuable products from the Fischer-Tropsch synthesis has resulted in continued 
interest in the process. As a result, a number of commercial plants have been built and are in operation 
worldwide. Franz Fischer and Hans Tropsch researched the FTS for approximately 20 years before it was 
commercialized in the 1940s in Germany with plants operating at a capacity of over 600 metric tons per 
year [1]. Subsequently, a plant was built in Texas, which operated for six years (1951 – 1957) and one plant 
in Sasolburg, South Africa (Sasol, 1955). [1] Post the 1950s, various companies such as Shell, Sasol, 
PetroSA and Chevron, either as single or joint ventures, have built plants in different regions around the 
world (China, Malaysia, Qatar, Nigeria and South Africa). Locations such as China, Uzbekistan, USA and 
Qatar are possibilities for future developments. [1, 9-11] 
 
1.1 The Fischer-Tropsch synthesis reactions 
In the Fischer-Tropsch synthesis (Equation 1.1), the reactants hydrogen (H2) and carbon monoxide (CO) 
are converted on the surface of a catalyst, into water and hydrocarbons of various chain lengths. The 
reaction is exothermic and involves a series of steps that can be grouped into chain initiation, propagation 
or termination reactions. Water is the main product by weight and by the number of moles formed, but of 
interest are the linear paraffins, olefins, oxygenates (alcohols, aldehydes, ketones, etc.) and branched 
paraffins which are also formed. [1, 12, 13] Iron-based catalysts are active for an additional reaction which 
is the water-gas-shift reaction (Equation 1.2). This property of these catalysts makes them desirable for the 
conversion of CO deficient gas feedstock such as those derived from coal. [1, 6, 13, 14]  
CO + 2H2 → (-CH2-) + H2O                     ∆HR, 513K =  -153.7 kJ/mol     Equation 1.1  
CO + H2O → CO2 + H2                            ∆HR, 513K =  -41.1 kJ/mol    Equation 1.2  
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Equation 1.1 is a general description of the Fischer-Tropsch synthesis reaction. In reality, the Fischer-
Tropsch synthesis is a complex set of surface polymerization reactions that occur when carbon monoxide 
that is adsorbed on the surface is hydrogenated into a C1-species which acts as a monomer in this 
polymerization. The following reaction steps occur during the Fischer-Tropsch synthesis: 
 Associative adsorption of CO 
 Cleavage of the carbon-oxygen bond 
 Dissociative adsorption of H2 
 Reaction of hydrogen with oxygen to yield water 
 Desorption of water 
 Hydrogenation of surface carbon and CHx and 
 Carbon-carbon coupling. [1, 12, 13] 
The above reactions, although occurring on the catalyst’s surface, may take place at various sites of the 
catalyst [13, 15-20]. Various mechanisms have been reported to describe the path that the set of FT reactions 
follow [1, 4, 21-28]. Four commonly accepted mechanisms are the ‘alkyl’; ‘alkenyl’; ‘enol’ and ‘CO-
insertion’ mechanism. A detailed description of each is given by Claeys et al.[24]. Irrespective of the 
mechanism, the FTS leads to the production of various products with a particular distribution. The product 
distribution obtained during the Fischer-Tropsch synthesis can vary depending on the catalyst and operating 
conditions used. Two Fischer-Tropsch synthesis operating modes or conditions have traditionally been 
recognized. The first is the high-temperature Fischer-Tropsch synthesis (HTFT) which operates between 
300 and 350°C over an iron catalyst and the second process which typically operates between 200 and 
275°C is the low-temperature Fischer-Tropsch synthesis (LTFT) with either iron or cobalt as a catalyst. [1, 
6, 13] 
 
1.2 The Fischer-Tropsch product distribution 
Due to the nature of the Fischer-Tropsch synthesis reaction [3-5], a variety of product compounds with 
various chain lengths are formed. Chain termination may lead to a variety of different products. [6] The 
main products of the reaction are α-olefins and n-paraffins with different oxygenates (alcohols, aldehydes, 
etc.) and branched compounds being formed as secondary products [3, 6, 24]. The type of products formed 
is not influenced by the operating conditions of the FTS however the distribution of these products can be 
influenced by temperature, feed gas composition, pressure, catalyst type and promoters [6].  
Although the product distribution is influenced by various process parameters, the individual products 
tend to be connected in a manner that is independent of the process variables that were changed. This is 
since there is a step-wise growth process that occurs on the catalyst’s surface (Figure 1.1) where CO 
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molecules are the precursors to the C1 monomer units. The hydrogenation of CO leads to the formation of 
CH, CH2 and CH3 species, which undergoes a stepwise oligomerization. During the growth process, the 
adsorbed hydrocarbon specie can either desorb, be hydrogenated or continue the oligomerization reaction.  
 
 
Figure 1.1. The proposed stepwise growth process using CH2 species for the Fischer-Tropsch synthesis (adapted from 
[6]). 
 
The stepwise growth which governs the polymerization reaction occurring during the FTS results in a 
high degree of order with the products following a statistical hydrocarbon distribution known as the 
Anderson-Schulz-Flory (ASF) distribution [6, 13, 24]. The ASF distribution can describe the product 
distribution and makes the Fischer-Tropsch non-selective for a desired range of hydrocarbons. This 
distribution is a function of the chain growth probability (α = 
Rp
(Rp+Rt)
) which is determined by the rates of 
chain growth (Rp) and chain termination (Rt). In the ideal case, the chain growth probability is independent 
of the carbon chain length [13]. Assuming an ideal chain growth, the molar fraction of a hydrocarbon with 
a chain length or carbon number of n in the total organic product spectrum can be expressed as [13]: 
 
Mn = 1- α αn-1            Equation 1.3  
 
The ideal polymerization reaction assumes the growth of only one type of product. In the ideal chain 
growth mechanism (Figure 1.2), CO and H2 are adsorbed on the catalysts surface and form monomers and 
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chain starters (C1 surface species, Sp1) after dissociation. These surface species can either desorb to form a 
C1 product molecule (Pr1) or continue to grow via the insertion of a C1 monomer.[24]   
 
 
Figure 1.2. Ideal chain growth mechanism of the ideal Fischer-Tropsch polymerization model which assumes the 
formation of one class of product (adapted from [12]). 
 
The intricacy of the surface polymerization reactions occurring during the FTS, often causes the ASF 
distribution obtained from real Fischer-Tropsch synthesis to deviate from ideality. This is mainly due to 
more than one product type being formed and the reversibility of the chain termination step [12, 24, 29]. 
Since the equation that describes the ASF distribution (Equation 1.3) is a function of the chain growth 
probability, changes to this value as a function of chain length [30] can result in deviations from ideality. 
Typical deviations from the ideal ASF distribution include a higher C1 quantity, lower C2 content and the 
curvature of the ASF distribution [24, 29, 31]. The deviation of the product distribution from the ideal one 
may be because of the presence of differently structured sites, promoter sites and ‘frustrated’ reactions [12, 
32]. One example that is used to explain the deviation is the reversible nature of olefin desorption which 
results in secondary reactions. These reactions include hydrogenation, double bond isomerization, the 




1.3 Fischer-Tropsch catalysts 
Catalysts based on metals such as iron (Fe), cobalt (Co), nickel (Ni), ruthenium (Ru) and rhodium (Rh) 
have been found to be active for the Fischer-Tropsch synthesis [1, 3, 13, 14, 33]. Of these metals, higher 
activity with operating at a lower temperature (~150°C) can be obtained with Ru-based catalysts, thus 
producing high molecular weight products. However, due to its high cost and limited availability, Ru 
catalysts are not used industrially. [1, 13, 14] Like Ru, Ni-based catalyst are capable of producing high 
molecular weight products, however, with increasing temperature, the selectivity shifts mainly toward 
methane [1]. Industrially, both Co- and Fe-based catalysts are used. Cobalt-based catalysts also favor the 
formation of methane with increasing temperature, although to a lesser extent than Ni-based catalysts. 
Iron-based catalysts are used for the low temperature Fischer-Tropsch reaction as well as the high 
temperature Fischer Tropsch reaction (Section 1.1). Iron is cheaper than cobalt and can be operated under 
a variety of temperatures and H2/CO ratios with minimal impact on the methane selectivity. These catalysts, 
though, are prone to carbon dioxide formation and undergo rapid deactivation. Challenges still exist to 
overcome the former. A wide range of products (dependent on reaction conditions) is formed with these 
catalysts which include linear alkane fuels, alkenes and/or oxygenates. Promoters, such as K and Cu, are 
added to the catalyst to improve its performance [9, 13, 19, 34-36]. Iron-based catalysts are complex 
materials due to the combination of multiple elements and different metal oxide phases. It is generally 
accepted that under reaction conditions the catalyst is comprised of carbidic iron and iron oxides with each 
having a particular role during the Fischer-Tropsch synthesis [35, 37, 38]. Metallic iron and surface carbidic 
iron are speculated to each contribute to the overall activity of the iron based catalyst [35]. Various iron 
carbide phases exist in the iron FT catalyst and are made in-situ during activation (if carbon monoxide or 
syngas is used) or under FT reaction conditions. These carbides are Hägg carbide (χ-Fe5C2; forms above 
250°C from Fe2C); hexagonal carbide (ε-Fe2C and ε-́Fe2.2C; may form at low temperatures) and cementite 
(θ-Fe3C; forms when χ-Fe5C2 decomposes above 450°C) [35, 39].  
Despite its high cost, cobalt-based catalysts are used for the low temperature Fischer-Tropsch reaction 
to produce middle distillates and long-chain linear hydrocarbons [6, 9]. In comparison to iron-based 
catalysts, cobalt-based catalysts have a high activity at high level of CO conversion, high selectivity to 
linear paraffins, low water-gas shift activity and stability to deactivation by water. These catalysts are ideal 
for operating under a high H2/CO ratio generated from natural gas due to their low propensity for the 
formation of CO2 [5, 6, 9, 13, 33, 40]. In order to justify the higher costs associated with cobalt catalysts, it 
is necessary that they operate for a longer period of time and have a better overall productivity than iron 
catalysts. For this reason, cobalt is typically supported on an inorganic support such as silica, titania or 
alumina to increase the cobalt’s surface area, stabilize the metallic cobalt against sintering during the 
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Fischer-Tropsch synthesis and maintain the mechanical integrity of the catalyst whilst allowing mass or 
heat transfer in a diffusion limited or exothermic reaction. The size of the cobalt crystallites is also 
optimized to enhance the cobalt’s dispersion over the support. [6, 9, 13, 14, 33, 41, 42] 
The optimization of the cobalt crystallite size is on the basis that the rate of the Fischer-Tropsch 
synthesis is proportional to the active metal surface area for dispersions less than 10%. Although early work 
by Borg et al.[43] found that there was no correlation between the cobalt crystallite size and the cobalt site-
time yield it was later established by Bezemer et al.[7] that the intrinsic activity (activity per unit surface 
area) varied with crystallite size with a maximum in the mass specific activity as a function of crystallite 
size being in the range of 6 – 8 nm. For optimum FT activity, certain sites on the cobalt metal surface should 
be exposed. As a result, Bezemer et al.[7] proposed that such sites may be unstable or present in inadequate 
ratios when crystallites become too small. Den Breejen et al.[44] found that low-coordinated surface sites 
was present for crystallites smaller than 6 nm and sites that contribute to the FT activity were blocked whilst 
small terrace sites that result in a low intrinsic activity, were present. It should also be noted that low (<50%) 
C5+ selectivity can be evidenced when the cobalt crystallite size is smaller than 6 nm. Fischer et al.[45] also 
showed the dependency of the intrinsic activity on the cobalt crystallite size. However, they found a 
maximum intrinsic activity with cobalt crystallites with a size of 4.7 and 6.3 nm. Their work also looked at 
the impact of the crystallite size on the selectivity to the various FT products and showed that the C5+ 
selectivity decreased with decreasing crystallite size. Prieto et al.[46] supported the notion that the intrinsic 
activity increases with an increase in cobalt crystallite size.  
Apart from the optimization of the cobalt crystallite size as a means to improve the performance of the 
catalyst, the addition of promoters such as platinum or ruthenium can also be done. These metals are used 
to modify the chemical properties of the catalyst, usually by increasing the degree of reduction. 
Furthermore, the dispersion of the cobalt metal can be improved with the use of an appropriate metal 
promoter. This allows for the activity of the catalyst to be tuned as a means to justify its cost. [7, 13, 47-50] 
The development of regenerative procedures of deactivated cobalt catalysts is another measure taken to 
improve the overall economics of the cobalt-based Fischer-Tropsch process [51]. 
Another method to lower the cost of the cobalt-based catalyst is to replace sub-surface cobalt in the 
catalyst, which is not directly involved in the reaction, with a cheaper alternative. In an industrial catalyst, 
only ca. 12% of cobalt should be on the surface [7, 43, 44, 46, 52]. Cobalt, which is not on the surface is 
not directly involved in the reaction, and may thus be replaced by a less expensive material. This would 
result in the formation of a core-shell catalyst, in which the shell of cobalt is combined with a core of a less 




1.4 Core-shell nanoparticles 
Core-shell materials can be described as nanoparticles that comprise of a core (inner shell material) and 
a shell (outer layer material) (Figure 1.3). Core-shell nanoparticles are characterized by their modified 
properties, which differ from their individual or alloyed counter-parts, and is created by employing two 
different materials. The active-phase topology is tailored to have a specific structure and composition at the 
nanoscale but in a manner that allows for scale up [53-55]. The core can vary in size and shape and the shell 
can have different thicknesses and surface morphology [54-62]. The constituting material may also be 
changed to alter the core-shell nanoparticle’s properties [55]. The general understanding is that these 
materials have new electronic, geometric and catalytic properties and can be stable during the reaction [54, 
63-65]. However, a proper understanding of its characteristics that justifies this behavior is lacking. The 
core and shell may each be comprised of a different material yielding classifications which are (a) 
inorganic/inorganic; (b) inorganic/organic; (c) organic/inorganic and (d) organic/organic.[55] The varying 
classification of such nanoparticles allows for them to be used in various fields such as medical 
biotechnology and catalysis [54-62].  
 
 
Figure 1.3. Schematic of a spherical core-shell nanoparticle (adapted from [56]). 
 
The uniqueness of the properties of the core-shell nanoparticles has made it an area of growing interest 
in recent years. Furthermore, such materials are important from an economic point of view as expensive or 
rare materials can be coated over inexpensive materials to reduce the overall cost and consumption of the 
expensive material [55, 61]. As an example, a core comprised of a nickel-iron oxide (NiFe2O4) of 
approximately 14 nm in size with a 3 nm cobalt oxide shell (core/particle radius of 0.8) could yield a cost 
saving of 75% on the raw material cost in comparison to cobalt oxide (see Figure 1.4). It is also worth 
noting that cost savings can still be achieved upon increasing the cobalt oxide shell thickness (keeping the 
core radius constant). 
Different types of core-shell structures exist (see Figure 1.5) with the most common type being the 
spherical core-shell nanoparticle. Shaped nanoparticles are also of interest and require that the core material 





60, 62]. Other types of core-shell structures such as multi-layered or hollow structures (Figure 1.5 (d) and 
(e)) require the use of spacers or materials that can be removed after the desired structure is obtained.[55]  
 
 
Figure 1.4. Comparing raw material cost saving for the production of spherical core-shell nanoparticles with a 
NiFe2O4 core of a constant size of 14 nm and a cobalt oxide shell.  
 
 
Figure 1.5. Different core-shell structures: (a) spherical, (b) hexagonal; (c) Single shell coating multiple core 
materials; (d) multi-layered and (e) hollow shell material with a movable core (adapted from [55]). 




1.4.1  Synthesis of core-shell nanoparticles 
Chaudhuri and Paria [55], Kumar et al. [61] and Gawande et al.[66] reviewed the various synthesis 
methods that have been used to prepare different core-shell nanoparticles. This work focused on the 
preparation of core-shell nanoparticles that had an inorganic core and shell and routes to form such 
nanoparticles are summarized in Figure 1.6. Such nanoparticles may either have a silica-based or metal-
based shell [55, 66] and therefore a number of synthesis routes can be used to prepare these nanoparticles 
(see Figure 1.6). 
 
Figure 1.6. A list showing the various synthesis routes applied for the formation of inorganic/inorganic core-shell 
nanoparticles (adapted from Gawande et al.[66]). 
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Of particular focus in this work is the formation of a metal oxide shell as well as a metal oxide core. 
Such materials can be prepared using sol-gel, precipitation, deposition, hydrolysis or solvothermal routes. 
This does require that the core material is synthesized first and the shell material is then grown on its surface. 
In this regard, it was of interest in this work, to form core-shell nanoparticles with a cobalt oxide (Co3O4) 
shell. Calderone et al. [54] documented the synthesis of Fe3O4@Co3O4 core-shell nanoparticles where a 
precipitation reaction using sodium hydroxide and cobalt nitrate solutions as reactants was used to form 
cobalt oxide on pre-made magnetite crystallites. The authors state that a cobalt oxide shell was present 
around the magnetite core as determined using EDX line scans. In a separate work, these authors described 
a homogeneous deposition-precipitation reaction for preparing core-shell nanoparticles with a cobalt shell 
[67]. In this synthesis route, cobalt carbonate, ammonium carbonate and ammonia solution were used as 
reactants which form ammine or ammine carbonate complexes. No clear indication of the properties of the 
core-shell nanoparticle was provided however the cobalt oxide can be easily obtained.  
The homogeneous deposition-precipitation reaction used by Calderone et al.[67] allows for the 
concentration of the metal precursor in solution to gradually increase during the evaporation process. As a 
result, the initial pH of the reaction mixture is high. Upon heating at temperatures above 70°C, ammonia 
evaporates which results in a drop in the pH and induces the precipitation of hydroxyl carbonate species 
onto the support. The precipitate can be aged for a period of time in solution. Due to the high pH, the surface 
charge of the support is negative and allows for an interaction between the metal cations and the charged 
support surface. These adsorbed cations may become nucleation sites for the deposition of the hydroxyl 
carbonate compounds formed during the evaporation of ammonia.[68] 
The advantage of homogenous deposition precipitation over the traditional precipitation reaction is that 
it involves the slow and homogeneous addition/generation of the precipitating agent to/in the reaction 
mixture. By doing so, the active phase is deposited onto the surface of the support [69]. A vital condition 
to the success of the synthesis is that bulk precipitation in solution should be avoided [70]. The presence of 
the support in solution does aid in shifting the precipitation toward surface precipitation by reducing the 
surface free energy of small nuclei or by stabilizing the precipitate [70]. Another parameter that should be 
considered to minimize or prevent bulk precipitation is the concentration of the metal solution which should 
be below super saturation [70]. Since surface precipitation may be achieved with deposition-precipitation 
by ammonia evaporation, this synthesis route was a promising option to investigate in this study for the 




1.5 Core-shell nanoparticles as catalysts 
Traditional supported catalysts have been used for various reactions and its structural properties may be 
optimized to obtain a desirable activity, selectivity and stability to ensure an economically viable overall 
process [71]. The productivity of supported catalysts has been altered by changing the dispersion of the 
active metal over the support surface, promotion with a noble metal and the use of bimetallic catalysts [6, 
14, 41, 42, 72]. However, current interest has been in the use of core-shell nanoparticles as an alternative 
for an efficient catalyst [71]. Core-shell nanoparticles have amongst others been used to catalyze reactions 
such as hydrolytic dehydrogenation of ammonia borane [56, 73-77], photocatalysis [78-80], oxygen 
reduction reaction [81-86] and preferential CO oxidation [87, 88]. Both the activity and selectivity obtained 
with core-shell catalysts may differ from the one obtained with pure metal catalysts. This is mainly due to 
the effect of the core material on the active metal shell in a manner that induces structural change (geometric 
effects, e.g. due to lattice strain) and/or electronic change [54, 63-65, 89-93]. The core material and the 
thickness of the active metal shell could impact whether none, one or both of these effects play a role.  
More specifically, in the Fischer-Tropsch synthesis over cobalt-based catalysts, core-shell nanoparticles 
have been studied as catalyst precursors for the reaction [54, 67, 94-99]. In particular, systems with cobalt 
in the core and ruthenium or a metal oxide as a shell, seems to result in an increased activity. Haghtalab 
and Mosayebi [100] prepared core-shell nanoparticles containing a CoO core and a RuO2 shell (Co@Ru) 
on the surface of γ-Al2O3. The variation in the Co/Ru weight ratios resulted in the formation of core-shell 
nanoparticles with RuO2 shell thicknesses in the range of 4 nm – 7 nm and a CoO core diameter between 
13 nm and 15 nm. It was seen that the CO conversion and selectivity to heavier hydrocarbons was improved 
upon increasing the Ru shell thickness. The methane selectivity was minimized and reached a plateau when 
the Co/Ru weight ratio was 2.5. In comparison to Co/γ-Al2O3, favorable changes to the catalyst performance 
was seen and was attributed to a close interaction between Co and Ru that caused a strong electronic 
interaction to the shell surface atoms [100]. 
Xie et al.[98] reported on the use of core-shell nanoparticles with a Co3O4 core and an inactive 
mesoporous silica shell (Co3O4@m-SiO2). This type of core-shell nanoparticles present an advantage in the 
protection and modification of the active metal core as well as in the change in catalytic performance due 
to the space-confined structure imposed by the mesoporous shell. These core-shell nanoparticles showed a 
CO conversion of 61% which was 15% higher than the traditional supported catalyst system and the 
methane selectivity was also low (14%). In other work, Xie et al. [99] incorporating an additional shell 
layer comprising of carbon resulting in a higher CO conversion (65%), superior stability and higher 
selectivity toward the C5 – C18 fraction (70%). Kruse et al.[97] prepared core-shell nanoparticles with a 
zeolite shell, however a marginal increase in the methane selectivity during the Fischer-Tropsch synthesis 
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was observed. Qin et al.[96] found that the use of a carbon-based shell around the cobalt core yielded a 
favorable change to the catalytic behavior due to a reduced hydrogen dissociative adsorption energy and 
the presence of graphitic carbon which may enhance electronic conductivity between the Co metal and CO 
molecules thereby altering the activity and selectivity seen during the FTS.  
Wang et al.[95] took a different approach in the design of their catalysts for the Fischer-Tropsch 
synthesis. In their work, a core-shell support, Al2O3@Al composite was used for preparing Co/Al2O3@Al. 
The performance of this material was compared to the traditional alumina support cobalt catalyst, Co/Al2O3. 
It was found that core-shell structured catalyst had a higher CO conversion and C5+ selectivity whilst the 
CH4 and CO2 selectivity was low. The lower CH4 and CO2 selectivity was attributed to the macro-
mesoporous structure of the support.  
Systems with a cobalt oxide shell around a metal oxide has also shown promise as an efficient catalyst 
for the Fischer-Tropsch synthesis [54, 101]. Calderone et al.[54, 67] reported on the coating of a Fe3O4 core 
with a cobalt-rich shell which was confirmed using High Resolution-Transmission Electron Microscopy 
(HR-TEM) together with the energy dispersive X-ray spectroscopy (EDX). However, it should be noted 
that both Fe3O4 and Co3O4 have a similar average atomic number and density and thus phase identification 
based on contrast difference only is difficult. Furthermore, the EDX line scan showed the presence of Co 
and Fe throughout the whole particle, with an implied Co/Fe ratio in the shell of ca. 1 and in the core of ca. 
0.7. The resulting catalyst, obtained after supporting the core-shell nanoparticles on alumina, was tested for 
the Fischer-Tropsch synthesis at 240°C and 20 bar pressure and a selectivity of 40% to C5 – C27 was obtained 
at 20% CO conversion. This catalytic performance though was obtained after reduction of the nanoparticles 
in hydrogen at 435°C for 10 hours although the temperature programed reduction showed that at this 
temperature, both the Fe3O4 and Co3O4 would be reduced possibly destroying the core-shell structure during 
activation. Hence, the observed performance may have been due to the intrinsic activity of both cobalt and 
iron. More recent work by Calderone and co-workers [101] reported similar results on the synthesis and 
characterization of such core-shell nanoparticles. The core, however, was either magnetite or hematite and 
a mesoporous silica was used as the support. In this work, they claimed, based on the TPR profiles, that the 
presence of the support may have been beneficial for retaining the core-shell structure under reducing 
conditions.  
Anchoring of core-shell nanoparticles on supports such as carbon and alumina might be beneficial [54, 
94, 95, 99, 100, 102-108]. Similar to traditional catalysts, the advantage of utilizing a support lies in the 
stabilization of the active metal crystallite and in improving its dispersion and metallic surface area. [9] 
Owing to the former, it was shown by Beltram et al.[103] and Yang et al.[109] that an improved catalytic 
performance could be obtained by supporting Pd@CeO2 and Ni1-x@Ptx core-shell nanoparticles, 
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respectively, onto a carbon-based support. The support may also induce structural and electronic changes 
to the active metal, improve the mechanical integrity of the catalyst and influence the diffusion of reactants 
and products.[9] The presence of a support was also shown to limit the migration and aggregation of the 
elements in the core-shell nanoparticles [89]. Other possibilities that have been demonstrated is that the use 
of a support for core-shell nanoparticles may allow mass diffusion/transportation and maintain stability and 
recyclability by minimizing hotspot formation [110] 
 
1.5.1 The effect of lattice strain on the catalytic behavior of core-shell catalysts   
With core-shell catalysts being comprised of two different materials, a difference in the lattice constants 
of these materials may exist. This will result in strain in the contact region. The type of strain (compressive 
versus tensile) might alter the adsorption properties on the surface of the shell [13, 53, 111-114] as shown 
for the oxygen reduction and methanol oxidation [13, 53, 90, 102, 111-118].  
Lattice strain may affect the catalytic behavior of metals by altering the adsorption energy and 
subsequent dissociation of molecules as predicted using density functional theory [111, 114, 115, 119]. 
Bhattarai et al.[120] and Zhang et al.[118, 120] showed that changes to the thickness of the shell material 
may also influence the properties of the shell material by altering the compressive strain. Lattice strain may 
also alter the electronic structure of the metal by causing a shift in the center of the metal d band, which 
plays an important role in the interaction between the surface and the adsorbate. Zhang et al.[53] deduced 
that compressive strain would result in a downshift of the center of the d-band (εd) whilst the opposite is 
the case for tensile strain (narrowing brings the d band closer to the Fermi level) [53, 91]. Furthermore, 
compressive strain leads to a greater overlap between electrons and a widening of the d band whilst an 
expansion reduces the d-orbital and the d band narrows [91]. The d-band structure of a metal, specifically, 
the center of the d-band (εd), is an important parameter characterizing the surface reactivity since the surface 
d-electrons participate in bonding to the adsorbate. This parameter together with other surface properties 
(degree of filling of the bands (fd) and coupling matrix element between the adsorbate states and the metal 
d-states (Vad)) governs the ability of the surface to form and break adsorbate bonds. Thus, the surface 
reactivity of the active metal is affected thereby influencing the catalytic performance.[121]  
Characterization techniques such as HR-TEM and X-ray diffraction (XRD) have also been used to study 
the presence of lattice strain. Chen et al.[117] showed the presence of lattice compression in the Pt lattice 
for Ru-Pt and lattice expansion in the Pt shell for the Co-Pt core-shell catalysts using X-ray diffraction 
(XRD) and HR-TEM. Aberration-corrected high-resolution transmission electron microscopy (Cs-
HRTEM) was used by Gan et al.[113] which showed the lattice strain distributions in individual dealloyed 
Pt-Fe catalyst nanoparticles. This was done by representing the lattice contraction in the nanoparticles as a 
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two-dimensional map of the lattice strain relative to bulk Pt on the Ångstrom scale (Figure 1.7). The lattice 
strain map, shown in Figure 1.7 revealed a percolated lattice-contracted Pt-Fe core and a Pt shell in the 
core-shell catalysts relative to the bulk Pt nanoparticle. The lattice contraction in the core caused a gradient 
compressive strain in the Pt shell indicating a possible strain effect that may account for the enhanced 
oxygen reduction reaction activity [113, 120]. 
 
 
Figure 1.7. Cs-HRTEM images of: (a) and (b) dealloyed Pt-Fe nanoparticles and (c) pure Pt nanoparticle with (d) – 
(f) showing the maps of the lattice contraction relative to the bulk Pt lattice in the dashed rectangle of (a) 
– (c). Re-used with permission from [113]. Copyright (2012) American Chemical Society. 
 
1.5.2 The effect of electronic structure changes on the catalytic behavior of core-shell 
catalysts 
Another fundamental effect that can arise in a core-shell catalyst is the ligand effect. This effect is caused 
when two dissimilar surface metal atoms are close to each other inducing electronic charge transfer between 
15 
 
atoms thereby affecting their electronic band structures [119]. Such changes to the electronic structure of 
the shell’s material in core-shell catalysts for various reactions have been linked to increases in the core-
shell catalyst’s activity [87, 89, 91-93, 115, 117, 122-126].  
Heemeier and co-workers [127] demonstrated that electronic aspects affect the strength of CO-
adsorption by observing a lowering of the desorption temperature, compared to the parent counterpart, in 
the CO-TPD for Co-Pd/Al2O3 where Co covers the Pd core. Structural effects may also have resulted in a 
change in the desorption temperature [127]. Charge transfer between core and shell elements have been 
confirmed using X-ray absorption near edge spectroscopy (XANES) for PtNiN [115] and Ru-Pt and Co-Pt 
[117] core-shell materials. This effect can also be studied experimentally using X-ray photoelectron 
spectroscopy (XPS) [125, 128].  
Changes to the dissociative adsorption and binding energy of reactant molecules due to electronic effects 
can be studied using DFT. This was used by Tang et al.[91] to study core-shell nanoparticles, with a Pd 
shell and either a noble metal, Co or Mo core, for the oxygen reduction reaction. They calculated the 
energetics of the dissociative oxygen adsorption on core-shell nanoparticles with a 1 nm Pd shell and 
determined the correlation between the binding energy of oxygen with the center of the d band. Tang et 
al.[91] further studied the observed enhanced reactivity of the Pd@Co and Pd@Mo core-shell nanoparticles 
by examining strain and ligand effects. Strain was measured as the average bond length between Pd surface 
atoms and plotted as a function of the d band center (Figure 1.8 (a)). It was also shown that there was a 
relationship between the d-band width and the d-band center (Figure 1.8 (b)) where a lowering of the d-
band center occurred due to band broadening and band filling from charge redistribution. They stated that 
as two metals are placed in close contact with each other, charge would flow from the metal with the higher 
Fermi level to the lower [91]. Both geometric and ligand effects were responsible for the improved catalytic 
behavior of the Pd shell. Additionally, the d band center, d band width, charge redistribution and the 
presence of strain are inter-related and should be considered when the catalytic behavior of a core-shell 





Figure 1.8. Average surface bond length between Pd atoms and (a) the center of the d band and the d-band center and 
width (b) as a function of the d-band center. Re-used with permission from [91]. Copyright (2009) AIP 
Publishing LLC. 
 
1.5.3 Core-shell catalysts resistance to deactivation 
The initial catalytic activity of a material may be surprisingly high, but of great importance is always 
whether the activity and/or selectivity remain over a long period of time. In the case of core-shell catalysts, 
Calderone et al.[54] observed a more stable CO conversion in the Fischer-Tropsch synthesis with 
Fe3O4@Co3O4 core-shell catalysts compared to Fe3O4 nanoparticles; however no reasoning for the 
observation catalytic stability was provided (Figure 1.9). Xie et al.[99] also showed that the CO conversion 
remained fairly constant for the duration of the Fischer-Tropsch synthesis with Co3O4@C-m-SiO2 core-
shell nanoparticles (Figure 1.10). The lack of catalyst deactivation seen was linked to presence of two shell 
layers that resulted in a confined structure. Similar results were seen by Qin et al.[96] where a slow drop in 
CO conversion during the Fischer-Tropsch synthesis was seen with Co@C core-shell nanoparticles in 
comparison to Co supported on activated carbon. The improved stability obtained was attributed to the 
graphite framework of the carbon shell which may have restricted the aggregation of the cobalt 
nanoparticles in the core during activation and reaction processes. Similar discussions were presented by 
Li et al.[129] in their review of the resistance to deactivation of various core-shell nanoparticles. The 
reactions covered in this review were syngas production, CO oxidation and high temperature fuel cells. It 
was also demonstrated by Lucchini et al.[130] where nickel nanoparticles were coated with a porous silica 
shell that no sintering nor coke formation was evidenced during CO methanation. A similar observation 
was made by Wei et al.[131] for Au@Pt core-shell nanoparticles used in the oxidation of soot and by An 
et al.[132] for SiO2@Pt@SiO2 core-shell nanoparticles used in the catalytic reforming of n-hexane (see 
Figure 1.11). It was also noted by An et al.[132] that an incomplete shell, as was the case for the 




researchers have also reported that the activity obtained with core-shell nanoparticles remains stable during 
the reaction under investigation and/or after multiple recycles [115, 129-138]. 
 
Figure 1.9. Performance of Co@Fe3O4 in the Fischer-Tropsch synthesis at 240°C and 20 bar [54]. Re-drawn from the 
data reported by Calderone et al.[54]. 
 
 
Figure 1.10. CO conversion of cobalt core-shell catalysts in the Fischer-Tropsch synthesis. Re-drawn from the data 




Figure 1.11. TEM images and corresponding schemes of (a) Pt/SiO2, (b) Pt/TiO2, (c) SiO2@Pt@SiO2, and (d) 
SiO2@Pt@TiO2 showing the changes in the Pt crystallite size after reforming reaction at 500°C. Re-used 
from An et al.[132]. Copyright (2014) American Chemical Society. 
 
The reason for the stability of core-shell nanoparticles against deactivation may be dependent on the 
reaction being investigated and the deactivation mechanism that posed a performance decline risk. 
Resistance to sintering [65, 139-142], coking [72] or oxidation [143, 144] are possibilities for the 
nanoparticle’s stability. Importantly, the structure of the nanoparticles plays a vital role in the catalytic 
performance and therefore the influence of activation and/or reaction conditions on the structure of the core-
shell nanoparticles is pivotal to gaining insight on the observed catalytic behavior. 
 
1.6 Influence of reactive conditions on the structure of core-shell nanoparticles 
It is known that nanoparticles may undergo a restructuring when exposed to activation and/or reaction 
conditions thereby altering the initial structure of the nanoparticle as well as its composition [145-150]. 
Reaction-driven restructuring can also occur where the core-shell structure is maintained but the surface 
composition is altered. This can occur when the metal atoms in the shell migrate into the core while the 
metal atoms in the core segregate to the surface due to exposure to various reactant gases [148]. Strain can 
also induce changes to the core-shell nanoparticle by causing the reconstruction of the surface [151].  
Typically, changes in to the core-shell nanoparticle occur to adapt the geometric and electronic structure 
to the environment to which the nanoparticle is exposed to [146]. Whilst little is understood at the molecular 
level regarding the in-situ dynamic changes often encountered by the nanoparticle, it is known that atomistic 
restructuring may occur for thermodynamic reasons where the nanoparticle may evolve into different 
structures that have a lower free energy [145, 146, 152]. Zhang et al.[148] explained that the evolution of 
the surface composition of core-shell nanoparticles after exposure to various gases is either due to the 
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surface energy of the constituent metals or the formation energies of surface compounds. The importance 
in studying whether or not changes occur to the core-shell nanoparticle after exposure to reactive conditions 
is because any changes to the core-shell nanoparticle could alter its physical and chemical properties and 
thus the active sites. [145, 153, 154] 
The morphology, structure and/or chemical composition of core-shell nanoparticles could be altered by 
thermal treatment. In-situ XPS and TEM was used by Bonifacio and co-workers [155] to demonstrate the 
changes that Ni-Co core-shell nanoparticles undergo during thermal treatment. The structure and 
composition of the Ni-Co core-shell nanoparticles was altered during annealing (Figure 1.12) and metal 
segregation and migration to the surface of the nanoparticle were noted. The former changes occurred to 
lower the surface free energy of the nanoparticle. The formation of a homogeneous Ni-Co mixed alloy at 
temperatures above 500°C was due to the solid solubility of both elements. The influence of annealing on 
the structural transformation of Co-Pt and Co-Au core-shell nanoparticles was studied by Wen et al.[153] 
using molecular dynamics. They showed that with increasing temperature, the Co-Pt core-shell 
nanoparticles first undergo a phase change (hcp Co to fcc Co in the core) and with progressive increases in 
temperature, a mixed metal alloy is formed (Figure 1.13). No phase change was seen for the Co core in the 
Co-Au core-shell nanoparticles but with increasing temperature, liquid Au was formed around the hcp-Co 
core due to its lower melting temperature. Further increases in temperature also resulted in the formation 
of a mixed metal alloy (Figure 1.13). Huang et al. [156] did a similar study on Pd@Pt and Pt@Pd core-
shell nanoparticles where it was shown that Pd atoms preferentially segregated to the shell layer. 
Carenco et al.[157] showed that the structure and composition of CuCo core-shell nanoparticles were 
altered after exposure to pre-treatment conditions and syngas (Figure 1.14). After oxidation in pure oxygen 
and reduction in pure hydrogen, the core-shell structure was transformed into a hollow structure with a Co-
rich shell. These nanoparticles were exposed to syngas which resulted in a surface composition change in 
some of the nanoparticles due to the segregation of Co. On the other hand, after exposure to carbon 
monoxide, there was no compositional change seen. Structural and compositional changes after exposure 
to pre-treatment and reaction conditions were also observed by Liu et al.[142]. Au@CuO nanoparticles 
transformed after reduction in pure H2 at 500°C to a Au3Cu1 intermetallic phase nanoparticle that was 
anchored to the support by a Cu2O interfacial layer. Upon exposure to reaction conditions (CO and O2), the 







Figure 1.12. Reconfiguration of the Ni-Co core-shell nanoparticle upon annealing. Re-used with permission from 
Bonifacio et al.[155]. Copyright (2015) American Chemical Society. 
 
 
Figure 1.13. Illustration of the structural changes that occur, determined using molecular dynamics, in Co-Pt and Co-
Au core-shell nanoparticles during annealing as. Re-used with permission from Wen et al.[153]. Copyright 
(2017) American Chemical Society. 
 
 
Figure 1.14. Step-by-step observations from in-situ and ex-situ techniques of the structural and compositional changes 
for CuCo core-shell nanoparticles with exposure to different gaseous environments [157]. Re-used with 
permission from Carenco et al.[157]. Copyright (2013) American Chemical Society. 
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Depending on the material used for the core and shell, variations in the stability of the core-shell 
structure against changes upon exposure to activation and/or reaction conditions may be seen [153]. 
Pd@CeO2 core-shell catalysts were grafted onto planar yttria-stabilized zirconia and the core-shell structure 
remained intact upon calcination in air at temperatures up to 900°C due to the strong interaction between 
the ceria shell and the support [134]. Zhang et al.[135] showed that the Pd@Pt core-shell nanoparticles 
maintained their initial structure even after reduction and use in the hydrogenation of p-chloronitrobenzene. 
This was ascribed to strong binding between the Pt surfaces and the reactants/products in the reaction thus 
stabilizing the Pt surfaces by strong coordination. 
 
1.7 Scope of the thesis 
In this present work, cobalt-based core-shell nanoparticles were synthesized, characterized and tested 
for their performance in the Fischer-Tropsch synthesis. Two core-shell systems were investigated, namely, 
a nickel ferrite core with a cobalt (II, III) oxide shell (NiFe2O4@Co3O4) nanoparticles and a zinc ferrite core 
with a cobalt (II, III) oxide shell (ZnFe2O4@Co3O4) nanoparticles. The core-shell systems were compared 
to each other. The effect of two different reduction (activation) conditions on the structure and Fischer-
Tropsch synthesis performance of NiFe2O4@Co3O4 core-shell nanoparticles was also studied. These 
nanoparticles were supported on silica and further examined to determine the effect of a support.  
Nickel ferrite (NiFe2O4) and zinc ferrite (ZnFe2O4) were chosen as core materials due to their structural 
similarity to Co3O4 allowing for epitaxial growth of the Co3O4 shell onto the ferrite core. Additionally, the 
difference in the lattice parameter between each ferrite and Co3O4 may introduce a varying degree of strain 
onto the shell particularly after reduction when metallic cobalt should be present. The use of different core 
materials may result in a varying Fischer-Tropsch synthesis performance, structural stability and phase 
composition of the core-shell nanoparticles under reaction conditions due to the difference in reducibility 
of each ferrite and the strength of interaction between the shell and the core. Thus, it was expected that a 
different Fischer-Tropsch synthesis activity and/or selectivity may be obtained with the core-shell 
nanoparticles in comparison to a cobalt-based catalyst and between each core-shell system studied.  
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NiFe2O4 and ZnFe2O4 nanoparticles were synthesized using the citrate precursor method. The synthesis 
method was optimized using NiFe2O4 as the model substrate by varying the Fe/Ni mole % ratio (2.0 to 2.4) 
and calcination temperature (350°C to 800°C). The optimization experiments showed that ratios of 2.2 and 
higher (calcination at 550°C) prevented the formation of NiO although hematite was formed as a minor 
phase. There was no clear correlation between the mole % ratio, NiFe2O4 crystallite size and the relative 
phase abundance of the different phases. However, the lowest abundance of hematite was formed at a mole 
% ratio of 2.3 which was used to study the effect of calcination temperature. The crystallite size of NiFe2O4 
increased with increasing calcination temperature. Phase pure NiFe2O4 nanoparticles were obtained using 
a mole % ratio of 2.3 and a calcination temperature of 450°C. These conditions were also used to synthesize 















Nickel ferrite (NiFe2O4) and zinc ferrite (ZnFe2O4) were used as core materials around which a cobalt 
(II, III) oxide (Co3O4) shell would be grown. These ferrite nanoparticles were chosen as core materials 
because of its similarity in crystal structure to Co3O4 [1]. Typically, a lattice mismatch of lower than 5% is 
required for epitaxial growth to occur [2]. Co3O4 has a spinel structure (M2+M3+2O4) and a unit cell length 
of 8.084 Å. This means that, in addition to a spinel structure, the core material should have a unit cell length 
between 8.084 Å and 8.448 Å to maintain a lattice mismatch below 5%. This is an additional reason for 
using nickel ferrite (NiFe2O4, 8.325 Å) and zinc ferrite (ZnFe2O4, 8.447 Å) as core materials. The varying 
unit cell length between NiFe2O4 and ZnFe2O4 may result in different strain being introduced in the 
MFe2O4@Co3O4 core-shell nanoparticle. 
Nickel ferrite, NiFe2O4, is a spinel type compound that has an inverted structure and belongs to the space 
group Fd3m. In the NiFe2O4 structure (Figure 2.1), the Ni2+ cations occupy the octahedral (B) site whilst 
the Fe3+ cations are distributed between the tetrahedral (A) and octahedral sites. The structure is completed 
by a cubic close-packed array of oxygen atoms [3-6]. As nanoparticles, NiFe2O4 has unique magnetic and 
catalytic properties and is used for various applications such as magnetic storage devices and site-specific 
drug delivery [3-6]. 
 
 
Figure 2.1. Unit cell representation of NiFe2O4 (Fd3m) (viewed along the unique crystallographic b axis) with the 
tetrahedral and octahedral geometry shown at specific lattice sites. Note: the oxygen atom is shown in red; 
the nickel atom is shown in green and the iron atom is shown in black. 
 
Like NiFe2O4, ZnFe2O4 is a spinel compound belonging to the Fd3m space group. However, ZnFe2O4 
has a normal spinel structure in which the tetrahedral sites (A) are occupied by Zn2+, the octahedral sites 
(B) are filled with Fe3+ and O2- ions are arranged in a cubic close packing where 1 8 of A and 1 2 of B 
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interstitial sites are occupied (see Figure 2.2) [7, 8]. In contrast to NiFe2O4 and other spinel ferrites, ZnFe2O4 
has unique magnetic properties such as a low ordering temperature (10 ± 1 K) and is antiferromagnetic [7, 
9] which may be due to the super-exchange interactions taking place at a 90° angle of the Fe-O-Fe pathway. 
Nano-sized ZnFe2O4, on the other hand, is likely to demonstrate a different magnetic behavior to bulk 
ZnFe2O4 since it is often in a mixed spinel state ((Zn1-xFex)Td[Fe2-xZnx]Oh with x being the inversion 
parameter) where Zn2+ and Fe3+ are distributed along the A and B sites [7].  
 
 
Figure 2.2. Unit cell representation of ZnFe2O4 (Fd3m) (viewed along the unique crystallographic b axis) with the 
tetrahedral and octahedral geometry shown at specific lattice sites. Note: the oxygen atom is shown in red; 
the zinc atom is shown in green and the iron atom is shown in black. 
 
Various simple synthetic routes have been used to prepare mixed metal oxide compounds using 
relatively inexpensive materials [10-16]. It has been shown that ultrafine particles can be obtained using 
the citrate precursor method [17-21]. Therefore, this synthesis route was used to prepare MFe2O4 (M = Ni 
or Zn) nanoparticles. X-ray powder diffraction (XRD) was used to characterize the various nanoparticles 
prepared during the optimization study. NiFe2O4 and ZnFe2O4 nanoparticles prepared using the optimized 
M/Fe mole % ratio and calcination temperature were further characterized using Mössbauer Spectroscopy 
and transmission electron microscopy (TEM). 
 
2.2. Experimental 
2.2.1. Preparation of NiFe2O4 nanoparticles for the optimization study 
The citrate precursor method was used for the synthesis of NiFe2O4 nanoparticles. The masses used for 
each synthesis was dependent on the Fe/Ni molar ratio which ranged between 2 – 2.4 (Table 2.1). In all 
syntheses, the number of moles of citric acid was equal to the total number of moles of metal ions used.  
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In a typical synthesis (Fe/Ni = 2), Fe(NO3)3.9H2O (Sigma-Aldrich) was dissolved in ethanol (Sigma 
Aldrich) (2.7M). Similarly, Ni(NO3)2.6H2O (Sigma-Aldrich) was dissolved in ethanol (1.4M). Then, 
ethanol was placed in a water bath at 30°C and citric acid (Sigma-Aldrich) was added to form a 4.0M 
solution which was stirred until it dissolved. Thereafter, the Fe(NO3)3.9H2O solution was added to the citric 
acid solution followed by the addition of the Ni(NO3)2.6H2O solution. The metal nitrate-citric acid solution 
was allowed to stir for 95 minutes before the temperature of the water bath was increased to 60°C. The 
metal nitrate-citric acid solution was kept at this temperature for two hours whilst stirring. After this time, 
a brown gel formed which was oven-dried at 110°C for 24 hours. The as-formed resin was then calcined in 
a muffle furnace at 550°C for five hours. To investigate the influence of calcination temperature, the as-
formed resin with a Fe/Ni mole ratio of 2.3 was calcined in a muffle furnace at different temperatures (Table 
2.2) for five hours.  
 
Table 2.1. Summary of reagent masses used to prepare NiFe2O4 with varying Fe/Ni mole ratios. 
Sample Fe/Ni mole ratio Moles iron nitrate/mol Moles nickel nitrate/mol 
Moles citric 
acid/mol 
NF1 2.0 0.08077 0.04040 0.1212 
NF2 2.2 0.08081 0.03674 0.1176 
NF3 2.3 0.08080 0.03514 0.1160 
NF4 2.4 0.08079 0.03366 0.1145 
 
Table 2.2. Summary of calcination temperatures used to prepare NiFe2O4 with a Fe/Ni mole ratio of 2.3. 








2.2.2. Synthesis of ZnFe2O4 nanoparticles 
The procedure similar to that described in Section 2.2.1 was followed for the preparation of ZnFe2O4 
nanoparticles. Briefly, the iron nitrate solution (2.69M) was added to a stirred citric acid solution (3.87M) 
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followed by the addition of the zinc nitrate solution (1.17M) using an Fe/Zn mole % ratio of 2.3 to avoid 
the formation of side products. The resulting metal nitrate-citric acid solution was stirred for 95 minutes 
before increasing the temperature to 60°C, at which temperature it was kept for two hours under stirring. A 
brown gel was formed which was subsequently oven-dried at 110°C for 24 hours. The as-formed resin was 
then calcined in a muffle furnace at 450°C for five hours. 
 
2.2.3. Characterization methods 
X-ray powder diffraction (XRD) patterns were collected on a Bruker D8 Advance X-ray diffractometer 
equipped with a Co-Kα X-ray source (λ = 1.78897 Å). Phase identification of the diffraction data was done 
using Bruker DIFFRAC.EVA Version 2 software while average crystallite sizes and relative phase 
abundances were obtained from Rietveld refinements using Bruker AXS Topas Version 4.1.  
Mössbauer spectroscopy (MS) experiments were performed at room temperature (RT) using a 
conventional constant acceleration spectrometer operating in absorption mode and equipped with a 57Co/Rh 
source. Low temperature experiments were performed at 4.2 K in zero applied field (LT) and in a 10 T 
applied magnetic field (AF) using an Oxford Instruments Spectromag SM4000-10 cryomagnet. The 
Mössbauer spectra were analyzed by means of a least squares program, Normos, that models them using 
sextet subspectra based on a Lorentzian line-shape profile. Identification of the spectral components was 
based on the comparison of their isomeric shift (δ), quadruple splitting (ΔEQ) and hyperfine magnetic field 
(Bhf) values with those reported in the literature. All isomer shift and magnetic hyperfine field values are 
reported relative to metallic iron (α-Fe). 
Prior to the TEM analysis, the sample was prepared by crushing and mixing with ethanol to form a 
suspension. The suspension was placed in an ultrasonic bath to disperse the particles into fine particulates. 
After ultrasonication, a small amount of sample was transferred into a copper TEM grid (SPI Supplies, 300 
mesh) using a pipette. The copper grid was placed in a single-tilt TEM specimen holder and transferred into 
the TEM for analysis. An FEI Technai Osiris Electron Microscope was used for low magnification TEM 
analysis. The instrument has a field emission gun as an electron source. Bright field (BF) images were 
acquired on a Gatan CCD camera that was controlled by Gatan Digital Micrograph software. 
 
2.3. Results and discussion 
2.3.1. Optimization study 
2.3.1.1. Effect of Fe/Ni molar ratio 
Stoichiometrically, a molar ratio of M3+/M2+ = 2 (stoichiometric amount), whether the sol-gel or citrate 
precursor method is employed, should be used to prepare spinel-type compounds [10, 12, 13, 15, 19, 22-
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27]. Sample NF1 was prepared using this ratio, however, the X-ray powder diffraction pattern of this sample 
(Figure 2.3 (a)) showed that peaks characteristic of NiFe2O4, nickel oxide (NiO) and hematite (Fe2O3) were 
also present. Upon increasing the Fe/Ni mole ratio to 2.2 (sample NF2), only Fe2O3 was identified as an 
additional phase to the NiFe2O4 (Figure 2.3 (b)). Further increases in the Fe/Ni mole ratio (to a maximum 
of 2.4, samples NF3 and NF4) yielded similar crystalline phases as sample NF2. 
 
 
Figure 2.3. X-ray powder diffraction patterns of sample (a) NF1; (b) NF2; (c) NF3 and (d) NF4. Peaks corresponding 
to the different phases in the sample are marked in (a). 
 
The calculated parameters obtained from the Rietveld refinement of the experimental powder diffraction 
data, given in Table 2.3, produced a good fit as was evident from the goodness-of-fit (χ2) and the residual 
weighted R-factor (Rwp) of 1.2% and 2.3% respectively. Only a small amount of hematite was present in 
all samples. The absence of NiO at Fe/Ni ratios of 2.2 – 2.4 indicate that whilst the formation of NiFe2O4 
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should be stoichiometric (Fe3+/Ni2+ = 2) [4, 6, 12, 15, 25, 26], there might be a difference between the actual 
and theoretical molar mass of each nitrate, affecting the number of moles actually present. Due to the 
hygroscopic nature of the metal nitrate salt [23, 28], the composition of each compound may not be exact 
therefore causing some stoichiometric uncertainty in the synthesis of the ferrite. An additional factor to 
consider was reported by Gadalla and Yu [29] who showed that the actual waters of hydration in both nitrate 
compounds was lower than what was expected from the structural formula consequently influencing the 
amount of metal present.  
The volume weighted average crystallite size (LVol-IB determined from the integral breadth) calculated 
using Rietveld refinement of the experimental X-ray powder diffraction patterns varied amongst the 
samples (Table 2.3) and no observable trend between the mole % ratio and the crystallite size was present. 
However, the variations in the crystallite size amongst the different samples may indicate that there were 
inconsistencies in the heating conditions during calcination. 
 
Table 2.3. Calculated parameters obtained from the Rietveld refinement of the experimental X-ray powder diffraction 
patterns shown in Figure 2.3. 
Sample Lvol-IB/nm# 
Relative phase abundance/mass %# 
NiO Fe2O3 NiFe2O4 
NF1 22.6 (0.4) 2 (0.08) 0.2 (0.02) 97.8 (0.02) 
NF2 24.8 (0.4) - 0.2 (0.02) 99.8 (0.02) 
NF3 23.4 (0.4) - 0.1 (0.02) 99.9 (0.02) 
NF4 21.3 (0.2) - 0.2 (0.02) 99.8 (0.02) 
# Error is shown in parenthesis. 
 
A clear observation with the variation in mole % ratio is that ratios in the range of 2.2 – 2.4 can be used 
to obtain NiFe2O4 with only a small amount of hematite present as a secondary phase. However, the lack 
of clarity on whether changes in the mole % ratio affects the crystallite size makes it difficult to choose the 
optimum Fe/Ni mole % ratio. The lower percentage of hematite (0.1 ± 0.02 %) obtained at a ratio of 2.3 
was therefore the basis on which this ratio was selected for further work.  
 
2.3.1.2. Effect of calcination temperature 
The calcination temperature was investigated since it is known that it can affect the size of crystallites 
where increases thereof lead to the sintering of crystallites [30-33]. The relative phase abundance of NiO, 
Fe2O3 and NiFe2O4 obtained from the Rietveld refinement of the experimental X-ray powder diffraction 
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patterns of the samples calcined between 350 – 800 °C (samples NF5 – NF10) is given in Table 2.4. The 
M2+ oxide and hematite are intermediate, secondary crystalline phases often formed together with the ferrite 
[3, 24, 25, 31-35]. At 350°C (NF5); the predominant phase is NiFe2O4 whilst 9.4% NiO is also present. 
Increasing the calcination temperature to 400°C resulted in a decrease in the relative phase abundance of 
NiO (1.7%) consequently yielding 98.3% NiFe2O4. At 450°C, the phase pure spinel structure of NiFe2O4 
was formed. Thereafter, increases in the calcination temperature resulted in a progressive increase in the 
relative phase abundance of hematite.  
 
Table 2.4. Relative phase abundance obtained from Rietveld refinement of the X-ray powder diffraction patterns of 
samples calcined at various temperatures. 
Sample Calcination temperature/°C 
Relative phase abundance/mass %# 
NiO Fe2O3 NiFe2O4 
NF5 350 9.4 (0.2) - 90.6 (0.2) 
NF6 400 1.7 (0.2) - 98.3 (0.2) 
NF7 450 - - 100 
NF8 550 - 0.1 (0.02) 99.9 (0.02) 
NF9 600 - 0.2 (0.02) 99.8 (0.02) 
NF10 800 - 0.8 (0.02) 99.2 (0.02) 
# Error is shown in parenthesis. 
 
A multi-step process is responsible for the formation of the ferrite [31], where the initial step which 
occurs between 270 and 300°C is the formation of an amorphous material from the precursor. Both Yang 
and Yen [31] and Zubets [34] emphasize the need to have maghemite (γ-Fe2O3) present, irrespective of how 
it is formed, during the intermediate stages of ferrite formation (300°C – 400°C). A reaction between the 
M2+ oxide and γ-Fe2O3 occurs between 325°C and 450°C where the ferrite is formed. The ferrite that forms 
is dependent on the cation distribution which is a function of the extent of reaction. Two types of the ferrite 
can form as is shown in Equations 2.1 and 2.2. According to Yang et al.[31] the ferrite shown in Equation 
2.1 is non-stoichiometric and heating of this compound at temperatures greater than 500°C yields the 
thermodynamically stable phases, α-Fe2O3 and NiFe2O4. Thus, the presence of hematite at calcination 
temperatures of 550°C and higher is likely due to the formation of the non-stoichiometric form of the ferrite, 
a likely consequence of an excess quantity of iron used during synthesis (Fe/Ni mole % ratio = 2.3).  
 
γ-Fe2O3 s +xM2+ → M2+xFe (8 - 2x) 3 ⁄ ∎ (1 - x) 3 ⁄ O4(s)       Equation 2.1 
M2+xFe (8 - 2x) 3 ⁄ ∎ (1 - x) 3 ⁄ O4(s) → M2+x + yFe (8-2(x + y)) 3 ⁄ ∎ (1 -( x + y)) 3 ⁄ O4(s)   Equation 2.2 
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The volume-weighted average crystallite size (LVol-IB) as a function of calcination temperature (Figure 
2.4) shows an exponential growth of the crystallite with increasing calcination temperature. The crystallite 
size increases from 9 nm at 350°C to 130 nm at 800°C. Philip et al.[32] attributed the growth of ZnFe2O4 
crystallites to the coalescence of particles by solid state diffusion whilst Yang et al.[36] hypothesized that 
an interfacial reaction was responsible for the growth of NiFe2O4 nanoparticles. Essentially, with the 
increase in calcination temperature, the crystallites sinter as a means to reduce its free energy by reducing 
the surface area of the nanoparticles.  
 
 
Figure 2.4. The change in the volume-weighted average crystallite size with increasing calcination temperature. 
 
The Schott equation (Equation 2.3) can be used to further describe the changes in crystallite size due to 
calcination temperature by approximately indicating the growth rate of nanoparticles [32, 36].  
 
D = C e(-E RT)⁄           Equation 2.3 
 
In this equation, D represents the crystallite size, E is the activation energy for crystal growth, C is a 
constant, R is the ideal gas constant and T is the absolute temperature [32, 36]. Applying the Schott equation 
to the data represented in Figure 2.4 yields the best fit (Figure 2.5) with an activation energy, E, of 32.2 
46 
 
kJ/mol. Yang et al.[36] found an activation energy of 16.6 kJ/mol for the growth of their NiFe2O4 
nanoparticles in a calcination temperature range of 600 – 800°C. The slightly higher activation energy 
obtained in this present study may be due a difference in the calcination conditions (static air used here 
versus flowing air used by Yang et al.[36]) or the wider calcination temperature range used (350 – 800°C 
versus 600 – 800°C). A variation in the initial size of the crystallite prior to calcination may also influence 
the activation energy [37]. 
 
 
Figure 2.5. A plot showing ln (volume averaged crystallite size (L Vol-IB)) as a function of 1/T. 
 
Since the desired properties for the NiFe2O4 nanoparticles (phase pure, crystallite size 14 ± 3 nm) was 
obtained at a calcination temperature of 450°C, it was chosen as the optimum temperature with the Fe/Ni 
mole % ratio of 2.3.  
 
2.3.2. Characterization of NiFe2O4 nanoparticles synthesized using optimized conditions 
Further characterization of NF7 was done using Mössbauer spectroscopy and transmission electron 
microscopy. The room temperature Mössbauer spectrum of NiFe2O4 (Figure 2.6 (a)) shows the presence of 
two sextets [38]. The isomer shifts (δ), relative to metallic iron, were found to be 0.15 and 0.24 mm/s (Table 
2.5) for iron present in the tetrahedral and in the octahedral sites respectively. This is consistent with high 
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spin Fe3+ for both sites [39]. Furthermore, the low quadrupole splitting values (∆EQ, tet = -0.02 mm/s and 
∆EQ, oct = -0.04 mm/s) are consistent with an overall cubic symmetry around Fe3+ at both sites [8, 38, 39]. 
The hyperfine magnetic splitting (Bhf) values were 48.3 and 52.1T for the tetrahedral and octahedral sites 
respectively, which are similar to what is expected for ferrimagnetic NiFe2O4 [40, 41].  
 
 
Figure 2.6. Mössbauer spectrum of NiFe2O4 obtained at (a) room temperature, (b) 4.2K and (c) 4.2K with an applied 
external magnetic field of 10T. 
 
The low temperature Mössbauer spectrum (4.2K) is shown in Figure 2.6 (b) and it displayed only two 
sextets that correspond to Fe3+ in the tetrahedral and octahedral sites. The absence of additional sextets 
indicated that other iron oxide phases were not present in measurable quantities and confirmed that the 
material comprised only of NiFe2O4. The Fe3+tet/Fe3+oct was determined to be 0.8 (Table 2.5), below the 
value expected for an exact inverse spinel. This may be due to the presence of defects in the crystal structure 
of NiFe2O4 [40, 41].  
Figure 2.6 (c) shows the Mössbauer spectrum obtained at 4.2K and 10T where the Fe3+tet/Fe3+oct was 
found to be 0.9 in this case (Table 2.5). The deviation of this ratio from 1.0 may be due to an increased 
amount of Fe3+ in the octahedral site, a possible consequence of the excess iron used to synthesize the 
NiFe2O4. The high-field Mössbauer spectrum also showed the presence of line 2 and 5 in the sextets. For a 
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ferrimagnetic spinel with collinear opposed moments in the two sublattices in an external magnetic field 
parallel to the photon beam, it is expected for these lines to be absent [42].  
The ratio of line 2 to 3 for the tetrahedral (A23, tet) and octahedral sites (A23, oct) was found to be 0.5 and 
0.8 respectively. For a stoichiometric (Fe/Ni = 2) fully inverted spinel without defects, a ratio of zero is 
expected. Thus, the NiFe2O4 prepared in this work (NF7) showed the presence of spin canting which 
appeared predominantly at the octahedral site. The former indicates that the spins are not completely aligned 
along the external magnetic field and that the NiFe2O4 synthesized deviates from a collinear Néel-type spin 
arrangement (Fe↑)[Ni↓Fe↓]O4) [41]. Such occurrences may be due to a reduced number of magnetic ions 
around the surface atoms, cation vacancies or that the nanoparticle has a different magnetic spin structure 
to the bulk material.[43, 44] 
 
Table 2.5. Mössbauer parameters for NiFe2O4 from least-squares fitting of the spectrum obtained at various 
conditions. 
Analysis Iron site δ/mm/s ∆EQ/mm/s B/T* A23 Area/% 
RT 
tetrahedral 0.15 -0.02 48.3 -- 23 
octahedral 0.24 -0.04 52.1 -- 77 
4.2 K, 0 T 
tetrahedral 0.25 0.01 50.7 1.9 44 
octahedral 0.37 -0.03 55.1 1.6 56 
4.2 K, 10 T 
tetrahedral 0.23 0.08 59.2 0.5 47 
octahedral 0.39 -0.06 46.5 0.8 53 
* In the absence of a magnetic field (0 T), B represents the hyperfine magnetic splitting whilst in the presence of a magnetic field (10 T), B represents 
the measured value that includes the effect of the applied field. 
 
The BF-TEM image of NiFe2O4 (Figure 2.7 (a)) showed that the particles have various shapes which 
include round and oval. A wide crystallite size distribution (CSD) was obtained (Figure 2.7 (b)) with 
crystallite sizes ranging from 6 – 40 nm and a mean crystallite size of 17 nm. Further examination of the 
crystallites using HR-STEM revealed the presence of a well-defined crystalline structure free from lattice 
defects as seen from the lattice fringes present (Figure 2.8). The diffractograms obtained from the FFT 
analysis (inset in Figure 2.8 (a)) showed spots associated with the spinel ferrite phase. Specifically, the        
[3 1 0] image shows the perpendicular fringes projected from the (1 3 1) and (0 0 4) planes of NiFe2O4 with 
a lattice spacing of dhkl = 0.26 nm and dhkl = 0.21 nm respectively.  
An additional observation from the images was that the surface of the crystallites appeared defected. 
There was also evidence in some images of numerous boundaries (as indicated by the rectangle in Figure 
2.8 (b)) suggesting that crystallites merged, a possible outcome of the calcination step during synthesis that 
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could account for the larger sizes evidenced in the CSD. The FFT analysis of the lattice image (Figure 2.8 
(b)), viewed along the [3 1 4] zone axis, showed the lattice spacing of dhkl = 0.48 nm; 0.24 nm; 0.16 nm and 
0.12 nm which correspond to the (1 1 1), (2 2 2), (3 3 3) and (4 4 4) planes in NiFe2O4 respectively. 
 
 
Figure 2.7. (a) BF-TEM image of NiFe2O4 and (b) Number frequency histogram showing the crystallite size 
distribution of NiFe2O4. 
 
 
Figure 2.8. HR-STEM image of a NiFe2O4 nanoparticle showing (a) lattice fringes with the insert showing the FFT 
pattern constructed from the lattice image viewed along the [3 1 0] zone axis and (b) showing the presence 
of a boundary (indicated by rectangle) with the insert showing the FFT pattern constructed from the lattice 




2.3.3. Characterization of ZnFe2O4 nanoparticles 
The XRD pattern of ZnFe2O4 (Figure 2.9) showed all major peaks belonging to the desired oxide. The 
Rietveld refinement procedure of the experimental powder diffraction data yielded a good fit (the goodness-
of-fit (χ2) and the residual weighted R-factor (Rwp)) and confirmed that a phase pure material with volume-
weighted averaged crystallite size (Lvol-IB) of 14 nm was produced (Table 2.6). 
 
 
Figure 2.9. X-ray powder diffraction pattern of ZnFe2O4. 
 
Table 2.6. Phases present in ZnFe2O4 and their average crystallite size as determined using Rietveld refinement of the 
XRD data. 





ZnFe2O4 2.6 1.7 ZnFe2O4 100 14 
 
The zero field Mössbauer spectrum obtained at room temperature (Figure 2.10 (a)) shows the presence 
of two doublets whose hyperfine parameters (Table 2.7) are typical of Fe3+ in ZnFe2O4 [9, 45, 46]. At low 
temperature (4.2K), the Mössbauer spectrum displays three sextets (Figure 2.10 (b)). The isomer shifts (δ), 
relative to metallic iron, were consistent with Fe3+ whist the magnetic hyperfine splitting values were 
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indicative of Fe3+ in both the tetrahedral and octahedral sites (Table 2.7). This was consistent with the 
observed shape of the Mössbauer spectrum which suggested that Fe3+ was present in different atomic 
environments [45]. The transition from a six line hyperfine pattern at low temperature to a two line 
quadropolar hyperfine pattern at room temperature suggests a superparamagnetic state of the ZnFe2O4 
nanoparticles [7, 45, 47, 48]. The high-field Mössbauer spectrum (4.2K, 10T) is given in Figure 2.10 (c) 
which also shows the presence of three sextets. The hyperfine parameters (Table 2.7) corresponded to Fe3+ 
in the octahedral site whilst two sextets were due to these ions being present in the tetrahedral site with 
differing atomic environments. This was also observed with the low temperature zero field spectrum. 
 
 
Figure 2.10. Mössbauer spectrum of ZnFe2O4 obtained at (a) room temperature, (b) 4.2K and (c) 4.2K with an applied 
external magnetic field of 10T. 
 
The BF-TEM image of ZnFe2O4 nanoparticles (Figure 2.11 (a)) shows the presence of variously shaped 
and sized nanoparticles. There was a wide crystallite size distribution (Figure 2.11 (b)) with sizes ranging 







Table 2.7. Mössbauer parameters for ZnFe2O4 from least-squares fitting of the spectrum obtained at various 
conditions. 
Analysis Iron site δ/mm/s ∆EQ/mm/s B/T* A23 Area/% 
RT 
octahedral 0.35 0.37 - - 50.8 
octahedral 0.34 0.59 - - 49.2 
4.2 K, 0 T 
Octahedral-type 0.47 0.00 43.7 1.9 17.7 
Tetrahedral-type 0.43 0.00 46.9 1.0 29.4 
Tetrahedral-type 0.45 0.00 49.0 2.7 52.9 
4.2 K, 10 T 
Octahedral-type 0.46 -0.03 41.5 1.0 82.5 
Tetrahedral-type 0.42 -0.02 57.5 - 8.5 
 Tetrahedral-type 0.42 -0.09 54.4 0.5 9.0 
* In the absence of a magnetic field (0 T), B represents the hyperfine magnetic splitting whilst in the presence of a magnetic field (10 T), B represents 
the measured value that includes the effect of the applied field. 
 
 
Figure 2.11. (a) BF-TEM image of ZnFe2O4 (b) Number frequency histogram showing the crystallite size distribution 
of ZnFe2O4. 
 
2.4. Chapter summary 
The citrate precursor method was used to synthesize NiFe2O4 and ZnFe2O4 nanoparticles. The synthesis 
method was optimized, using NiFe2O4 as the basis of comparison, and different Fe/Ni mole % ratios and 
calcination temperature were investigated. It was found that the calculated mole % ratio required to produce 
NiFe2O4 nanoparticles with only hematite as an impurity, was non-stoichiometric when the calcination 
temperature was 550°C. The lowest relative phase abundance of hematite was obtained with a ratio of 2.3. 
Using this ratio, the calcination temperature was varied between 350 and 800°C, where it was found that 
phase pure NiFe2O4 nanoparticles with a volume-weighted average crystallite size of 14 nm was obtained 
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at 450°C. These conditions also resulted in the formation of phase pure ZnFe2O4 with a larger crystallite 
size. For both ferrites, Mössbauer spectroscopy confirmed the purity of the materials. 
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Nickel ferrite (NiFe2O4) nanoparticles were used as a core around which cobalt (II, III) oxide (Co3O4) was 
grown. In an attempt to vary the shell thickness, the concentration of cobalt used was varied following a 
one-step homogeneous deposition-precipitation synthesis. It was found that the concentration of cobalt in 
solution dictated whether Co3O4 formed on the surface but not its thickness. Concentrations of 6.3 wt.% 
cobalt in solution and 7.6 wt.% cobalt in solution yielded a partial shell around some NiFe2O4 
nanoparticles. A concentration of 11.0 wt.% cobalt in solution resulted in the formation of Co3O4 
nanoparticles on the ferrite surface whilst a concentration of 19.1 wt.% cobalt in solution yielded Co3O4 
nanoparticles amongst the NiFe2O4 nanoparticles. Using a final concentration of 7.6 wt.% cobalt in 
solution, but applying the synthesis procedure twice, yielded the core-shell structure with most nickel ferrite 














Cobalt catalysts based on Co3O4 have intriguing properties and thus find application in a variety of 
catalytic reactions, such as oxidation reactions in environmental applications [1-5], NO decomposition [6], 
electro-catalytic applications [7, 8], and after reduction in hydrogenation reactions [9-11], such as the 
Fischer-Tropsch synthesis [9, 10]. Despite the high activity typically gained with these catalysts, the cost 
of cobalt can significantly increase the cost associated with the catalytic process. This would mean that 
routes to lower the cost of cobalt-based catalysts are constantly being sought. One such way would be to 
replace the catalytically inaccessible cobalt oxide in the catalyst with a cheaper alternative.   
In an industrial catalyst, only a small percentage of cobalt oxide is on the surface. Subsurface cobalt 
oxide is not directly involved in the reaction, and can thus be replaced by a less expensive material. This 
would result in the formation of a core-shell catalyst, in which the shell of cobalt oxide is combined with a 
core of a less expensive material. Core-shell materials can be described as nanoparticles that are comprised 
of a core and a shell (outer layer material) with the active-phase topology tailored to have a specific structure 
and composition at the nanoscale but in a manner that allows for scale up [12, 13]. The core can vary in size 
and shape and the shell can have different thicknesses and surface morphologies [13-20]. These materials 
may have different electronic and geometric properties around the catalytically active center resulting in 
novel catalytic properties. [10, 13, 21-23] 
The main attraction of core-shell catalysts is the reduction in costs that can be obtained. For instance, 
replacing cobalt oxide with another metal oxide core-shell catalyst may result in a catalyst cost saving of 
up to 50% if the core is composed of oxides of Fe, Zn, Ti or Si [10]. Calderone et al.[10] stated that 
achieving a particular cobalt shell thickness for a certain crystallite size whilst maintaining an overall cost 
saving and producing a high performance material does require a cheap, simple and scalable method. This 
means that the shell should be epitaxially grown onto the core material [24] thus requiring minimal lattice 
mismatch between the core and the shell.  
NiFe2O4 is a suitable candidate that fits this criterion due to the similarity of its crystal structure with 
that of Co3O4. Using NiFe2O4 as a core would allow for the preparation of a cheaper nanoparticle than one 
containing only cobalt oxide as the cost of nickel and iron is low by comparison. Here we present, a simple 
precipitation route [13] using cobalt carbonate (CoCO3), ammonium carbonate ((NH4)2CO3) and ammonia 





3.2.1. Preparation of NiFe2O4@Co3O4 
The synthesis procedure was based on the work done by Calderone et al.[13] although a higher synthesis 
temperature was used to force the formation of Co3O4 within a 24 hour period. In a typical synthesis, 
(NH4)2CO3 (Sigma Aldrich) (5.1 mmol) was dissolved in deionized water and 25 wt.% ammonia aqueous 
solution (Sigma Aldrich) was added. CoCO3 (Sigma Aldrich) (5.8 mmol) was then added (pH = 11.5). This 
suspension was then stirred at 45°C for two hours, during which the cobalt carbonate formed the cobalt 
hexamine precursor. This was evidenced when the pink suspension turned a clear violet color. The solution 
was then filtered. This filtrate (pH = 10.8) was added to a round bottom flask containing NiFe2O4 and was 
stirred at 85°C for six hours. The temperature was then increased to 95°C and the mixture was allowed to 
stir for 24 hours. The solvent was removed under vacuum and the dried solid was rinsed with water and 
dried under vacuum. The solid obtained was oven-dried at 110°C, overnight. The synthesis procedure 
should result in the formation of Co3O4, since the cobalt hexamine precursor decomposes below 100°C to 
yield Co(OH)2 [25] which by further heating in air is transformed into Co3O4 [26]. 
A multi-step synthesis procedure was used to minimize self-nucleation and in an attempt to improve the 
coverage of the core nanoparticle by the shell. For the two-step synthesis, the above procedure was followed 
for step 1 using the reactant quantities indicated in Table 3.1. In step 2, the cobalt precursor solution was 
made as per step 1; however, a suspension made from the dried solid from step 1. The synthesis then 
followed the process outlined above.  
In order to investigate whether the Co3O4 shell thickness can be varied, the concentration of Co in the 
synthesis solution was varied (Table 3.1). This was achieved by increasing the mass of the CoCO3 whilst 
keeping the mass of NiFe2O4 the same. The quantities of (NH4)2CO3 and aqueous NH3 solution were 
adjusted stoichiometrically. 
 
Table 3.1. Summary of masses used for the synthesis of the various NiFe2O4@ Co3O4 nanoparticles. 





1 0.0693 0.4866 3.0 6.3 
2 0.0847 0.5872 3.6 7.6 
3 0.1263 0.9663 6.0 11.0 
4 0.2429 1.9384 10.4 19.1 
5 Step 1 0.0408 0.3239 1.8 3.8 
5 Step 2 0.0408 0.3239 1.8 3.8 
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3.2.2. Characterization methods 
For the TEM analysis, the sample was prepared by crushing and mixing with ethanol to form a 
suspension. The suspension was placed in an ultrasonic bath to disperse the particles into fine particulates. 
After ultrasonication, a small amount of sample was transferred onto a copper TEM grid (SPI Supplies, 300 
mesh) using a pipette. The copper grid was placed in a single-tilt TEM specimen holder and transferred into 
the TEM for analysis. An FEI Technai Osiris Electron Microscope was used for low magnification TEM 
analysis. The instrument has a field emission gun as an electron source. Bright field (BF) images were 
acquired on a Gatan CCD camera that was controlled by Gatan Digital Micrograph software. Scanning 
Transmission Electron Microscopy (STEM) images were captured by a High Angle Annular Dark Field 
(HAADF) detector that was controlled by FEI TIA software. Energy Dispersive X-ray Spectroscopy (EDS) 
elemental mapping was performed using ChemiSTEM EDX detector system controlled by Bruker Espirit 
software. A double spherical aberration (Cs) corrected JEOL ARM 200F transmission electron microscope 
operated at 200 kV was also used in the present study which is situated at the Centre for High Resolution 
Transmission Electron Microscopy (CHRTEM) at Nelson Mandela University. STEM- HAADF as well as 
bright field (BF) STEM imaging at atomic resolution was used. Electron energy loss spectroscopy (EELS) 
Spectrum Imaging (SI) was performed using the DualEELSTM mode on the Gatan GIF Quantum ERSTM 
spectrometer. This allows for acquisition of the intense zero loss peak (ZLP) and the elemental edges at 
virtually the same time. The convergence semi-angle of 21.4 mrad was used for the STEM probe and the 
collection semi-angle of the spectrometer was 54.3 mrad at a camera length of 1 cm.  
For Raman spectroscopy, the powders were placed on a microscope slide and measured using an inVia 
Raman system utilizing the 785 nm line of a solid-state diode laser. The beam was focused with a Leica 
microscope using a x20 objective. Data were collected for the region 50 – 2000 cm-1 for 10 seconds, scanned 
20 times using a laser power of 0.1%. Wire Version 4.1 software was used for data capturing and instrument 
control. The Raman band of pure Si was measured before data accumulation commenced for calibration 
purposes.  
X-ray photoelectron Spectroscopy (XPS) spectra were recorded on a KRATOS Axis Ultra DLD at Sasol 
United Kingdom (SUK) Ltd. with the analyzer operating at the fixed pass energy of 160 eV for the survey 
spectrum and 40 eV for the individual regions. The measurements were carried out using an Al Kα 
monochromated source. Due to the nature of the materials, neutralization was necessary during the 
acquisition. All the spectra presented in this report have been corrected in energy using the C 1s at 284.6 
eV and checked versus the position of other peaks, especially Al 2p expected at ~74.2 eV. All the samples, 
detailed in Table 3.1, were mounted as loose powders in a molybdenum sample holder. On average 10 mg 
of material was used for each measurement. 
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3.3. Results and discussion 
The characterization of NiFe2O4 nanoparticles (NF7) used as the core to synthesize the various 
NiFe2O4@Co3O4 core-shell nanoparticles was discussed in Chapter 2. The HR-STEM images of samples 1 
– 5 (Figure 3.1) showed similar particle morphology to that of NiFe2O4 nanoparticles. However, at a low 
magnification, small nanoparticles were present on the surface of and between the NiFe2O4 nanoparticles 
in samples 3 and 4 (Figure 3.2 (a) and (c) respectively). The EDS maps of these samples (Figure 3.2 (b) 
and (d)) showed that in regions with such particles, Co was present, indicating that the Co phase formed as 
individual nanoparticles in Samples 3 and 4. These nanoparticles had an average size of 3.2 nm. A 
possibility that may explain the formation of these nanoparticles is related to self-nucleation where the 
growth of nuclei into crystals is governed by self-nucleation beyond a certain concentration. In fact, the 
concentration of Co was changed during synthesis (6.3 – 19.1 wt.% Co) and could have reached a critical 
point for samples 3 and 4, thus enabling the nucleation resulting into formation of cobalt-containing 
nanoparticles.[27-29] 
STEM-EDS mapping was also used to determine the elemental distribution present in samples 1, 2 and 
5 (Figure 3.3). All EDS maps show a homogeneous distribution of Ni and Fe in the NiFe2O4 nanoparticle 
with Co present on its surface. The maps also show that the Co layer around the NiFe2O4 nanoparticle 
appears to have formed, although only partially and non-uniformly, in samples 1 and 2. On the other hand, 
the two-step synthesis (sample 5) seems to have allowed for the formation of a more complete Co shell 
around the NiFe2O4. 
Further analysis of samples 2 and 5 was done using EELS to determine the thickness of the cobalt shell. 
These samples were chosen since the STEM-EDS maps showed an indication of the presence of a surface 
Co layer. Although sample 1 showed some evidence of a layer, the occurrence of it was sparse and therefore 
there was no further analysis. The Co surface layer, where present, in sample 2 had a thickness in the range 
of 1 – 5 nm while sample 5 showed a shell thickness of 1 – 3 nm (Figure 3.4). However after examining a 
few particles, as was observed with the STEM-EDS maps, the coating was partially around the nanoparticle 
in sample 2 and some particles did not have a cobalt shell. Sample 5, on the other hand, showed a more 
complete coating. This revealed that to form the core-shell material, a two-step synthesis is ideal since the 
concentration of Co in the synthesis solution is kept low thus minimizing self-nucleation. Additionally, 
allowing the growth of the Co shell in multiple steps allows for better coverage/growth around the core 









Figure 3.2. TEM image of (a) sample 3 and (c) sample 4 and STEM-EDS maps of (b) sample 3 and (d) sample 4. 
 
 




Figure 3.4. EELS line profiles for (a) sample 2 and (b) sample 5 with the STEM-HAADF image shown as an insert. 
 
The STEM-EDS and EELS analysis showed that samples 1 – 5 contained cobalt. In order to determine 
the phases present, Raman Spectroscopy was used (see Figure 3.5). The data was obtained using the 785 
nm laser line, where resonance of Co3O4 is typically evident. In all spectra, the five Raman active modes 
of NiFe2O4 were present at 213 cm-1 (F12g), 333 cm-1 (Eg), 484 cm-1 (F22g), 571 cm-1 (A1g) with shoulder bands 
at 587 cm-1, 702 cm-1 and 680 cm-1 [30]. The Raman active modes of Co3O4 are found at 193 cm-1 (F12g), 
483 cm-1 (Eg), 520 cm-1 (F22g), 671 cm-1 (F32g) and 688 cm-1 (A1g) [31] thus indicating that Co3O4 is present 





Figure 3.5. Raman spectra of the various nanoparticles prepared. 
 
Owing to the similarity in the structure of NiFe2O4 and Co3O4, bands of Co3O4 at 193 cm-1 and        484 
cm-1 overlap with bands of NiFe2O4. The position of the A1g of Co3O4 (688 cm-1) overlaps with the shoulder 
of the A1g band of NiFe2O4. However, the A1g band of Co3O4 increases in intensity in sample 3, 4 and 5 may 
be due to the formation of Co3O4 nanoparticles (samples 3 and 4) and the more uniform shell layer (sample 
5) as evidenced with TEM. The former is also clearly evidenced at 193 cm-1 (see insert in Figure 3.5) where 
this band increases in intensity in samples 3, 4 and 5. Although the concentration of Co used to prepare 
sample 5 was similar to that for sample 2, its Raman spectrum is similar to that for sample 3, likely due to 
the better uniformity of the shell around the NiFe2O4 nanoparticle due to the two-step preparation. The 
intensity of the bands assigned to NiFe2O4 decrease in all samples containing cobalt (demonstrated with 
band 213 cm-1 in insert of Figure 3.5). This reveals that in all Co-containing samples, Co3O4 may be present 
in proportional amounts. Furthermore, the intensity decrease correlates with the increase in the Co 
concentration used for synthesis (samples 1 – 4). 
The XP Co 2p, Fe 2p, Ni 2p and O 1s spectra (see Figure 3.6 – Figure 3.9) were fitted using multiple 
components following a method similar to the one proposed by Biesinger et al.[32]. The resulting fit was 
used to confirm the main species that were assumed based on the shape of the profiles alone as well as to 
give an indication of any minor species that were present and to what extent. The spectral fitting for the 
various species also allowed for comparison amongst the samples.  
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The Co 2p spectra of sample 1, 2 and 4 (Figure 3.6) showed a main peak centered at 779.8eV, 779.7eV 
and 779.6eV, respectively. Sample 3 and 5, on the other hand, showed a main peak centered at 780.0eV 
and 780.1eV respectively (Table 3.2). These binding energies do correspond to Co 2p3/2 and correlated well 
with that reported in literature for Co3O4 [32-34] supporting the Raman Spectroscopy findings. The slightly 
higher binding energy for samples 3 and 5 is indicative of a chemical shift that arises from different 
electronic environments of the ejected photoelectron [35]. The former occurs when there is a change in the 
core energy level of an element due to a change in the chemical bonding and can occur when there is a 
withdrawal of electronic charge amongst other reasons [35]. The chemical shift seen for the Co 2p main 
peak of sample 3 and 5 could possibly be related to the presence of Co3O4 crystallites in sample 3 and the 
uniform shell layer present in sample 5 as is evidenced from the TEM analyses.  
 
 
Figure 3.6. Co 2p spectra for (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 5 and (e) sample 4.  
 
The main Fe 2p3/2 peak is centered at 709.6eV and 709.7eV for samples 1 and 2 and 3 and 5 respectively 
(see Figure 3.7, Table 3.2). This is expected for Fe3+ in the NiFe2O4 structure [32]. However, sample 4, 
showed a slightly higher binding energy (710.6eV) for the main Fe 2p peak due to the significant 
contribution of the Co Auger peak to the Fe 2p spectra. The increase in the contribution of the Co Auger 
peak to the Fe 2p spectrum causes some difficulty during the fitting of the Fe 2p peak thus shifting its 
binding energy to higher values. The binding energy of the main Ni 2p peak centered at ~ 854eV in all 
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Figure 3.7. Fe 2p spectra for (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4 and (e) Sample 5. 
 
 
Figure 3.8. Ni 2p spectra for (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4 and (e) sample 5. 
 
The O 1s spectra showed the presence of two peaks in all samples (Figure 3.9). The peak at ~ 529eV is 
typical of the O 1s lattice oxide whilst that observed at ~ 531eV is often ascribed to a defective oxide 
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spectral fitting was that the ratio of % total area for defective oxide to lattice oxide (% total area defective 
oxide/% total area lattice oxide) varied from samples 1 – 5 (see Table 3.3). The variation was such that this 
ratio increased in the order: sample 1 ~ sample 2 < sample 5 < sample 3 ~ sample 4. The Raman 
spectroscopy work showed that bands associated with Co3O4 was clearly visible for samples 3, 4 and 5 and 
thus the increase in the % defective oxide seen with XPS may be attributed to this phase. 
 
 
Figure 3.9. O 1s spectra for (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4 and (e) sample 5. 
 
Table 3.2. Binding energy for the various species. 
Sample 







Lattice oxide Defective oxide 
Binding energy/eV§ Binding energy/eV§ 
1 779.8 709.6 854.7 529.8 531.1 
2 779.7 709.6 854.7 529.6 531.0 
3 780.0 709.8 854.6 529.8 531.4 
4 779.6 710.6 854.7 529.7 530.8 
5 780.1 709.8 854.7 529.9 531.4 
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Table 3.3. O 1s spectral fitting parameters: binding energy (eV) and percentage of total area (%) for samples 1 – 5. 
Sample Peak/eV % Peak/eV % Ratio of defective O/lattice O 
1 529.8 55.9 531.1 44.1 0.8 
2 529.7 55.0 531.0 45.0 0.8 
3 529.8 29.5 531.5 70.5 2.4 
4 529.7 29.8 530.8 70.2 2.4 
5 529.9 37.0 531.4 63.0 1.7 
 
3.2.3. Proposed mechanism of NiFe2O4@Co3O4 formation  
The synthesis described in this work is a homogenous deposition-precipitation route in which the cobalt 
hexamine complex (formed from the cobalt carbonate, ammonium carbonate and ammonium hydroxide in 
water) coordinates to the surface of the NiFe2O4 nanoparticle. A simplified view of the proposed mechanism 
of formation for Co3O4 on the surface of NiFe2O4 is given in Figure 3.10. Due to the high pH maintained 
during the synthesis, the surface of the NiFe2O4 is negatively charged (point of zero charge (PZC) of 
NiFe2O4 = 7) [36] allowing the formation of an inner sphere complex where the Co2+ present in the 
hexamine complex coordinates to the O- originating from the surface hydroxyl groups (Step 1 in Figure 
3.10). The Co2+ remaining in solution can then form (hydr)oxo-bridges with the inner sphere complex (Step 
2 in Figure 3.10). This network propagates over the surface (Step 3 in Figure 3.10).[37] As the reaction 
progresses, the complex present on the surface of NiFe2O4 possibly forms a cobalt hydroxo-like surface. 
As this cobalt hydroxo-like network forms, the amine ligand goes into solution as NH4+ (Step 4 in Figure 
3.10). This network then decomposes to form Co(OH)2 nuclei which upon further heating oxidize to Co3O4 
as a surface precipitate (Steps 5 and 6 in Figure 3.10).  
An important point discussed by Bourikas et al.[37] is that in order for deposition to occur using this 
precipitation method, dilute aqueous solutions of the metal precursor are needed. Additionally, surface 
precipitation is achieved by slow and homogenous introduction of the material containing the hydroxyl 
ions. In fact, nucleation of the metal precursor in the bulk solution followed by precipitation can occur if 
the concentration of the metal precursor is too high. This hypothesis is supported by the findings of the 
characterization of the different samples prepared in this work where it was shown that at the highest 
concentration of Co (19.1 wt.%) no surface precipitate formed. Additionally, the former puts into context 





Figure 3.10. Proposed simplistic model of formation of the inner sphere surface complex, as well as surface oxide 
polymerization that leads to the formation of Co3O4 on the surface of NiFe2O4. 
 
3.3 Chapter summary 
Phase pure NiFe2O4 nanoparticles were used as a core for the growth of a Co3O4 shell which was 
achieved using a simple precipitation route. The concentration of cobalt in the synthesis solution was varied 
in the range of 6.3 – 19.1 wt.% cobalt using a one-step synthesis. Low concentrations of cobalt in solution 
(6.3 – 7.6 wt.%) resulted in the formation of a partial and non-uniform surface cobalt layer (1 – 5 nm) on 
some NiFe2O4 nanoparticles whilst higher concentrations (11.0 – 19.1 wt.%) caused bulk precipitation. A 
two-step synthesis (7.6 wt.% cobalt) resulted in the formation of a more complete cobalt layer (1 – 3 nm) 
around most NiFe2O4 nanoparticles. Raman spectroscopy and XPS showed that the cobalt in all samples 
was present as Co3O4. 
Due to the small changes in the cobalt concentration for the one-step preparation, the cobalt layer, where 
present, had thicknesses that were similar amongst the various samples. Thus, the synthesis method used in 
this work was not ideal for forming various shell thicknesses. Additionally due to the precipitation nature 
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of the reaction, self-nucleation shifted the shell formation toward crystallite formation when the cobalt 
concentration in solution was 11.0 wt.% and higher. Interestingly, the effect of the concentration of cobalt 
in solution was more so observed on the completeness of the shell around the NiFe2O4 nanoparticle and the 
distribution of nanoparticles with a core-shell structure than in the shell thickness. Overall, the two-step 
synthesis proved successful for the formation of a more complete shell around the core material.  
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4 Exploring MFe2O4@Co3O4 (M = Ni, Zn) core-shell nanoparticles as 











NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles were synthesized and used as 
precursors for Fischer-Tropsch catalysts. The as-synthesized materials were determined to have an 
incomplete Co3O4 shell around the ferrite core with a maximum thickness of 3 nm. Reduction of these core-
shell nanoparticles in pure hydrogen at 230°C and 250°C, respectively, resulted in the formation of small 
cobalt islands on the ferrite surface. Catalytic testing of the core-shell materials, NiFe2O4@Co3O4 and 
ZnFe2O4@Co3O4, after reduction showed a cobalt-time yield of 13.64 µmolCO.gCo-1.s-1 and 4.27 µmolCO.gCo-
1.s-1 and a C5+ selectivity of 47 C-% and 68 C-%, respectively. The observed difference in cobalt-time yield 
and selectivity between NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles was ascribed to a 
combination of effects that included the presence of cobalt islands over the surface of the core and the 













Cobalt-based nanoparticles are the preferred catalyst for low temperature Fischer-Tropsch synthesis 
(FTS) to produce middle distillates and long-chain linear hydrocarbons. This is due to their high activity 
(particularly at high conversion), high selectivity to linear paraffins, low propensity to form carbon dioxide 
(CO2) and stability against deactivation by water [1-3]. However, cobalt is expensive and considerable 
research is directed to optimize the efficient use of cobalt [1, 4]. It has been shown that the rate of cobalt-
based Fischer-Tropsch synthesis increases strongly with increasing crystallite size and the optimum mass-
specific activity is thought to be obtained with cobalt crystallites with an average size of ca. 6 – 8 nm [5-
8]. This implies that only a small percentage of surface cobalt is directly involved in the reaction. In this 
regard, a possible reduction in the cost of cobalt-based catalysts can be achieved by replacing cobalt in the 
core of the catalyst crystallite, which is not directly involved in the reaction, with cheaper alternatives 
thereby forming core-shell structures. [9, 10]. 
Core-shell nanoparticles are created by hetero-topotactical growth of one material over another material. 
The core material and the shell thickness may be changed to alter the nanoparticle’s properties via an 
electronic and/or a structural change [11]. Core-shell nanoparticles have been shown to have unique 
catalytic properties when compared to their monometallic counterparts [10, 12-14]. Core-shell 
nanoparticles may exhibit different adsorption behavior and subsequent dissociation of reactant molecules 
compared to pure monometallic systems as indicated using density functional theory [15-18]. Wu et al. [19] 
showed that the adsorption of carbon monoxide  and water is weaker on Co6@Au32 core-shell nanoparticles 
(with a cobalt core and a gold shell) than on Co or Au38. This was attributed to the influence of the cobalt 
atoms in the core on the geometry and electronic structure of the gold atoms at the surface. Wang et al. [20] 
calculated a shift in the d-band center for Pd3Co@Pt nanoparticles relative to Pd3Co and Pt explaining the 
improved activity for the oxygen reduction reaction (ORR). Heemeier et al. [21] showed for Co-Pd 
nanoparticles approaching a core-shell structure that the strength of CO adsorption is weakened on partially 
covered surfaces, due to electronic effects. Qin et al. [22] invoked a change in the heat of adsorption of CO 
over Co@C core-shell nanoparticles to explain an enhanced Fischer-Tropsch activity. The presence of a 
carbon shell around the cobalt nanoparticles may have resulted in a synergistic effect.  
The geometry of the core-shell nanoparticle, its composition and its surface structure may all have a 
strong effect on the ultimate catalytic performance [11, 23-25]. Thus, whilst the observed catalytic behavior 
of core-shell nanoparticles may be partly explained by the altered adsorption properties of the active metal, 
there may be a strong dependency on the structure of the active phase surface after activation. The structure 
of nanoparticles is known to be unstable especially when exposed to a reactive environment such as those 
used during the activation of the catalyst (hydrogen, carbon monoxide and elevated temperature) [26]. 
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Hence, establishing the structure of these nanoparticles, particularly after activation, is essential to 
understand the relationship between the surface structure of the material and the mechanisms at play during 
catalysis. [27-30]. 
In this work, two oxides, viz. the inverse spinel nickel ferrite, NiFe2O4 [9] and the normal spinel zinc 
ferrite, ZnFe2O4 were used as cores on which a shell comprising of the normal spinel cobalt oxide, Co3O4, 
was grown. The core materials were chosen due to its similarity in crystal structure to Co3O4, as this was 
expected to promote the formation of a uniform epitaxially grown shell around the core [9, 31]. The as-
synthesized NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles were subsequently studied 
before and after reduction and compared to reference materials of Co3O4, NiFe2O4 and ZnFe2O4 
nanoparticles using various ex-situ and in-situ techniques. Additionally, the influence of a reducing 
environment at different temperatures, on the nanoscale structure of each core-shell nanoparticle system 
was studied using in-situ TEM. The performance of these materials as catalyst precursors for the Fischer-
Tropsch synthesis was tested. 
 
4.2 Experimental 
4.2.1 Preparation of Co3O4 
Analytical grade cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and citric acid (C6H8O7) were obtained 
from Sigma Aldrich. In a typical synthesis, a solution of Co(NO3)2.6H2O (2.0M) and a solution citric acid 
(2.5M) was prepared. The cobalt nitrate solution was added to the citric acid solution keeping the 
temperature at 30°C using a water bath. The metal nitrate-citric acid solution was stirred for 95 minutes 
before the temperature was increased to 60°C, at which temperature it was kept for two hours under stirring, 
resulting in the formation of a pink-purple gel. The formed gel was placed in a porcelain dish and oven-
dried at 110°C for 24 hours. The as-formed resin was subsequently calcined in a muffle furnace at 350°C 
for five hours. 
 
4.2.2 Preparation of NiFe2O4 and ZnFe2O4 
Chapter 2 provides a more detailed description of the preparation of the ferrite nanoparticles. Briefly, 
the iron nitrate solution (2.0M) was added to a stirred citric acid solution (2.5M) followed by the addition 
of the nickel or zinc nitrate solution (1.2M). An iron/M (Fe/M) mole ratio of 2.3 (M is Ni or Zn) was used 
to avoid the formation of side products. The resulting metal nitrate-citric acid solution was stirred for 95 
minutes before increasing the temperature to 60°C, at which temperature it was kept for two hours under 
stirring. A brown gel was formed which was subsequently oven-dried at 110°C for 24 hours. The as-formed 
resin was then calcined in a muffle furnace at 450°C for five hours. 
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4.2.3 Preparation of NiFe2O4@ Co3O4 and ZnFe2O4@ Co3O4 
A detailed description of the synthesis of the core-shell nanoparticles is given in Chapter 3. Briefly, an 
aqueous solution of ammonium carbonate, (NH4)2CO3 (0.8M) was mixed with 25 wt.% ammonia aqueous 
solution (3.6 mL). Cobalt carbonate, CoCO3, was added to obtain a cobalt concentration of 0.05M and a pH 
of 11.5. The resulting cobalt containing suspension was then stirred at 45°C for two hours, after which the 
solution was filtered by gravity. This filtrate was added to a round bottom flask and ~ 0.05 g/mL of MFe2O4 
(M = Ni or Zn) was added; the suspension was stirred at 85°C for six hours. The temperature was then 
increased to 95°C, at which it was kept for 24 hours under stirring. The solvent was subsequently removed 
under vacuum and the dried solid was rinsed with deionized water and again dried under vacuum. The 
obtained solid was oven-dried at 110°C for 12 hours. This procedure was repeated twice. 
A targeted loading of 7.6 wt.% cobalt was desired since previous work (Chapter 3) showed that this 
would yield a cobalt shell around most MFe2O4 nanoparticles. A thinner shell would yield a greater 
economic benefit and also enable the effect of strain on the shell surface after activation and during catalysis 
to be studied more readily.  
 
4.2.4 Characterization 
X-ray powder diffraction (XRD) patterns were collected on a Bruker D8 Advance X-ray diffractometer 
equipped with a Co Kα X-ray source (λ=0.178897 nm). Phase identification of the diffraction data was 
done using Bruker DIFFRAC.EVA Version 2 or Panalytical’s X’Pert HighScore Plus software was used 
while average crystallite sizes and relative phase abundances were obtained from Rietveld refinements 
using Bruker AXS TOPAS Version 4.1. The in-situ XRD measurements were performed in an Anton Paar 
XRK900 coupled to the Panalytical X’Pert Pro multi-purpose diffractometer. The in-situ XRD experiments 
were performed under a hydrogen flow (50 ml/min) and the sample was heated from room temperature to 
230°C or 250°C using a heating rate of 5°C/min. Diffraction patterns were collected every 4 minutes, i.e. 
at intervals of 20°C. After the reduction, the reactor was flushed with helium for two hours and cooled to 
40°C. Then, the temperature was increased to 230°C under synthesis gas (H2/CO = 2, 50 ml/min). At this 
temperature, the pressure was increased to 16 bar over a five hour period. The reaction was maintained 
under these conditions for 16 hours and a diffractogram was collected in 20 min intervals. At the end of the 
experiment, the system was flushed was helium, de-pressurized and cooled to 40°C. Then, the catalyst was 
passivated in a mixture of helium (50 ml/min) and oxygen for three hours (O2 flow rate was initially 2 
ml/min and gradually increased to 6 ml/min). The used catalyst was unloaded into dry ice. 
X-ray photoelectron spectroscopy (XPS) spectra were acquired at room temperature with a SPECS 
PHOIBOS 150 electron energy analyzer, using a Al Kα mono-chromatic photon source (hν= 1486.71 eV). 
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The analysis was carried out at the University of Johannesburg. Samples were mounted on a molybdenum 
sample holder using carbon tape. The overall (photon+analyser) energy resolution was set to 0.5eV for all 
the spectra shown here. A low energy electron flood gun was used to compensate for the charging of the 
sample (electron energy: 2eV; emission current: 20 μA).  
Energy dispersive X-ray spectroscopy (EDS) was used to estimate the weight percent (wt.%) of cobalt 
present in each core-shell system. Prior to analysis, the catalyst powder was mounted in resin which was 
polished to obtain a smooth flat cross section. The prepared resin block was then coated with carbon and 
transferred into the Zeiss EVO 40 scanning electron microscope (SEM). EDS analyses were performed 
using a Bruker XFlash SDD detector that was controlled by Bruker Esprit software. The analysis was done 
at 20 kV using a probe current of 780 pA. Five EDS spectra was obtained at different regions of the sample 
and quantified using the PB-ZAF correction that is available with the Esprit software. 
Prior to the TEM/STEM analysis, the crushed sample was dispersed in ethanol using an ultrasonication 
after which a small amount was transferred onto a holey carbon copper TEM grid (SPI Supplies, 300 mesh). 
A double aberration corrected JEOL ARM 200F transmission electron microscope operating at 200 kV (at 
the CHRTEM, Nelson Mandela University) was used for the ex-situ characterization of the nanoparticles. 
High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) as well as 
bright field (BF) STEM imaging at atomic resolution was used. Electron energy loss spectroscopy (EELS) 
Spectrum Imaging (SI) was performed using the DualEELS™ mode on the Gatan GIF Quantum ERSTM 
spectrometer. This allows for the pixel by pixel acquisition of both the intense zero loss peak (ZLP) and the 
elemental edges during the same scan. A convergence semi-angle of 21.4 mrad was used for the STEM 
probe and the collection semi-angle of the spectrometer was 54.3 mrad at a camera length of 1 cm.  
The in-situ TEM analysis was carried out on a FEI Titan G2 80 – 200 (S)TEM ChemiStem™ instrument 
operating at 200 kV at the University of Manchester. The instrument was equipped with Gatan GIF 
Quantum ERSTM spectrometer. STEM-HAADF images were recorded using FEI TIA software whilst 
EELS spectrum images were recorded using Gatan Digital Micrograph software. The gaseous e-Cell system 
used in the FEI Titan instrument was a Protochips Atmosphere holder with a customized low penumbra 
geometry beryllium lid. The e-Cell MEMS chips used to create the operating environment were a pair of 
300μm thick Si wafers, each with a lithographically fabricated 3000 x 300μm electron transparent SiNx 
window. The top chip allows heating and has a window thickness of 30 nm while the bottom window is 50 
nm thick. Spacers deposited onto the chips created a nominal vertical separation between the windows of 
~ 5μm. During the measurements, the e-Cell was completely filled with pure hydrogen at nominally one 
bar pressure. The temperature was controlled by on-chip pre-calibrated heater elements controlled by an 
external computer system. The samples were crushed in ethanol and then a drop was placed onto the 
81 
 
atmosphere side of the electron entrance of plasma cleaned SiNx windows and allowed to dry in a clean 
ambient temperature petri dish. The prepared e-Cell was sealed as per manufacturers specifications and 
specimens were allowed to stabilize at room temperature in the documented gaseous media prior to all 
measurements. Thereafter, the sample was heated to the desired temperature and allowed to remain there 
for one hour at a time before imaging and EELS was done. In order to ensure that electron beam artefacts 
were not influencing the results, images of selected regions of interest were acquired before and after 
thermal treatments. Additionally, after thermal treatments, different sample areas which were not analyzed 
previously were also measured to ensure that the results presented herein are representative and 
reproducible.  
For characterization by Raman spectroscopy, the powders were placed on a microscope slide and 
measured using an inVia Raman system. All measurements were done using the 785 nm line of a solid-
state diode laser with 0.1 mW power rating at the source. The beam was focused with a Leica microscope 
using a ×20 objective. Data was collected for the spectral range of 50 cm-1 – 2000 cm-1 for 10 seconds, 
scanned 20 times using a laser power of 0.1%. Wire software Version 4.1 was used for data capturing and 
instrument control. The Raman band of pure Si was measured before data accumulation commenced for 
calibration purposes.  
Temperature Programmed Reduction (TPR) was performed on an AutoChem 2920 (Micrometrics, 
USA) by reducing the catalyst samples using pure hydrogen with a flow rate of 10 ml/min while the 
temperature was increased with a linear heating rate of 5°C/min from 50°C to 850°C. CO-TPD was also 
carried out on this instrument. Prior to the analysis, the catalyst was reduced in pure hydrogen (see  
Table 4.1) for two hours to try to preferentially reduce the Co3O4 shell (a relatively short reduction time 
of one hour was used for the reduction of pure Co3O4 nanoparticles to minimize sintering). The sample was 
cooled to 0°C under a helium flow (10 ml/min), after which carbon monoxide was pulsed using five pulses 
at an interval of 10 minutes between each pulse/dose. After this, the sample was flushed at 0°C using helium 
(50 ml/min) for 6 hours. The sample was subsequently heated to 850°C using a heating rate of 10°C/min.  
 
Table 4.1. Conditions for the activation of catalyst samples in hydrogen prior to characterization and the Fischer-
Tropsch synthesis (Hydrogen space velocity = 6000 mln.g-1.hr-1). 
Sample Treduction/°C treduction/hours 
Co3O4 300 1 
NiFe2O4 230 2 
NiFe2O4@Co3O4 230 2 
ZnFe2O4 250 2 
ZnFe2O4@Co3O4 250 2 
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The metal surface area was determined using pulse chemisorption. The samples were dried at 120°C for 
one hour and subsequently reduced in pure hydrogen using the activation conditions listed in  
Table 4.1 (heating rate: 5°C/min). Thereafter, the samples were flushed under argon flow (50 ml/min) 
for one hour. H2 was adsorbed at either 35°C or 100°C using pulse chemisorption in 10 pulses with a two-
minute interval. The calculation used to determine the active metal surface area is given in Appendix A. 
The degree of reduction was determined using oxygen (O2) back titration on a Micromeritics ASAP 
2020 Unit (Micromeritics, USA). Accordingly, a pre-weighed catalyst sample of about 200mg was 
degassed at 120°C for two hours. The sample was then cooled to ambient temperature under He flow. 
Thereafter, the sample was heated to the temperature given in  
Table 4.1 at a rate of 5°C/min under a flow of pure H2 (50 ml/min). The sample was kept at the reduction 
temperature for the period of time given in  
Table 4.1. Subsequently, the sample was cooled to 200°C and evacuated for four hours. Then, the 
temperature was increased to the activation temperature ( 
Table 4.1) and O2 titration was carried out. The calculation used to determine the active metal surface 
area is given in Appendix A. 
The Fischer-Tropsch synthesis was performed at Sasol United Kingdom (SUK). The catalytic activity 
and selectivity were determined in a fixed bed reactor set-up containing four independent parallel reactor 
tubes each with inner diameter of 6.5mm. The catalysts (200mg) were each diluted with 3.1g SiC (320 grit) 
resulting in a catalyst bed length of ~ 6cm.  The catalyst bed temperature was accurately controlled by 
means of a thermocouple in the middle of the bed. Prior to Fischer-Tropsch synthesis the samples were 
activated in-situ at elevated temperatures and atmospheric pressure (see  
Table 4.1). After reduction, the temperature was changed to 200oC and the pressure increased to 20 bar 
using H2 and Ar. Synthesis gas (H2/CO = 2) was then introduced and the temperature was gradually 
increased to 230oC (ramp rate 0.5oC/min). The reaction effluent was passed through a hot trap (190oC) to 
collect the high boiling waxes and a cold trap (15oC) to collect the water and low boiling organic product 
compounds. It should be noted here that the catalysts tested generated negligible quantities of liquid product 
and therefore the formation of other products could not be determined. The outlet gases were analyzed on-
line using an Agilent 7890A Refinery Gas Analyzer equipped with a Flame Ionization Detector (FID) and 
two TCDs. Ar (~ 8%) was added to the feed and used as internal standard to determine conversion and 




4.3 Results and discussion 
Co3O4 nanoparticles were used as a reference for comparison whilst NiFe2O4 and ZnFe2O4 nanoparticles 
were used both as a reference and as a core around which a cobalt oxide shell was grown. Basic 
characterization of the ferrite nanoparticle systems are provided in Chapter 2. Co3O4 nanoparticles with an 
average size of 14 nm were synthesized (Appendix B; Table B.1). This material also contained Co(II)O 
(6.3%) and even some metallic cobalt (3.4%) (refer to Appendix B; Figure B.1 (a) and Table B.1). The 
metallic cobalt crystallites are comparatively large (see Table B.1). Metallic cobalt and Co(II)O may have 
formed during calcination by the reduction with various gases such as CO and NO. These gaseous 
compounds may originate from the decomposition of citric acid and nitrate ions [32-35]. The respective 
ferrite phase was identified in the diffraction pattern of NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell 
nanoparticles with similar crystallite size to the bare core material (refer to Appendix B; Figure B.1 (c) and 
(e) and Table B.1).  
The core-shell nanoparticles were analyzed and found to contain 8.3 wt.% cobalt. This would 
correspond to the formation of a shell of a thickness of 0.5 nm assuming uniform crystallite size for the 
ferrite nanoparticles of 1 nm and homogeneous deposition of the cobalt around these particles. As a result, 
the reflections due to the Co3O4 phase were not observed in the powder X-ray diffraction pattern of both 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles. This is due to the fact that, assuming each 
catalyst has a uniform shell with thickness of 0.5 nm, there is insufficient material (Co3O4) available to 
produce a coherent X-ray scattering signal and hence it is unlikely that the diffraction pattern of the Co3O4 
would be observed. Instead the penetrating X-rays would scatter more effectively from the core material 
and so it is unlikely that Co3O4 would be observed.  
STEM-HAADF imaging were used to examine the core-shell NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 
nanoparticles. The similarity in the average atomic number (Z) and density between Co3O4 and the ferrite 
core complicate phase identification purely from HAADF image contrast (Figure 4.1 (a) and (b)). EELS 
spectrum imaging was therefore used to determine the location of the cobalt shell relative to the ferrite core 
(Figure 4.1 (c) and (d)). This showed that the thickness of the Co layer around the core is not uniform with 
a maximum thickness is ca. 3 nm. The obtained shell thickness in conjunction with the particle size of the 
ferrites implies that a large fraction of the ferrite nanoparticles has not been covered fully or not at all. An 
average shell thickness of 3 nm would imply that only 13.5% of the surface has been covered, whereas a 




Figure 4.1. STEM-HAADF image of (a) NiFe2O4@Co3O4 and (b) ZnFe2O4@Co3O4 showing region where spectrum 
image was acquired and composite elemental map obtained from the EELS spectrum image of (c) 
NiFe2O4@Co3O4 and (d) ZnFe2O4@Co3O4. 
 
Raman spectroscopy was used to determine the phase in which cobalt was present in the sample. Raman 
active modes of Co3O4 are found at 193 cm-1 (F12g), 480 cm-1 (Eg), 520 cm-1 (F22g), 671 cm-1 (F32g) and 688 
cm-1 (A1g) [36] whilst the bands due to NiFe2O4 were found at 213 cm-1 (F12g), 333 cm-1 (Eg), 484 cm-1 (F22g), 
571 cm-1 (F32g) and 702 cm-1 (A1g) with shoulder bands at 587 cm-1 and 680 cm-1 (see Figure 4.2 (a)). [37, 
38] In comparison to the Raman spectrum of NiFe2O4, the Raman spectrum of NiFe2O4@Co3O4 
nanoparticles shows an additional band at 190 cm-1 and a shoulder at 682 cm-1. This suggests that (some) 
cobalt is present as Co3O4 (other bands due to Co3O4 overlap with the bands of the ferrite). ZnFe2O4 showed 
the expected Raman active modes, viz. at 245 cm-1 (Eg), 353 cm-1 (F22g), 463 cm-1 (F32g) and 635 cm-1 (A1g) 
[37, 38] whilst the Raman spectrum of the ZnFe2O4@Co3O4 core-shell sample also showed an additional 
band at 190 cm-1, 480 cm-1 and 685 cm-1 (Figure 4.2 (b)). Hence, it is concluded that Co3O4 is also present 
in ZnFe2O4@Co3O4 nanoparticles. The slight red-shift of the wavenumber for the Co3O4 F12g and A1g bands 
in the core-shell nanoparticles may be attributable to the formation of the shell structure influencing the 
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coordination of the tetrahedral and octahedral sites [37, 39, 40], although it may also be linked to the 
agglomerated state of Co3O4 in the shell [41]. 
 
 
Figure 4.2. Raman spectra of (a) Co3O4, NiFe2O4 and NiFe2O4@Co3O4 and (b) Co3O4, ZnFe2O4 and ZnFe2O4@Co3O4. 
86 
 
The Co 2p core level XPS spectra for Co3O4 and the core-shell nanoparticles are shown in Figure 4.3. 
The Co 2p binding energy region is dominated by two peaks located at ~780eV and ~795eV, corresponding 
to the Co 2p3/2 and Co 2p1/2 spin orbit components respectively. The Co 2p main peaks for Co3O4 can be 
decomposed into two sub-components, which can be attributed to Co3+ (at 779.5eV and 794.6eV) and Co2+ 
(at 781.6eV and 796.7eV). The shake-up satellite peaks are located at 9eV on the higher binding energy 
side of the Co3+ doublet. The observed line shape is consistent with previously reported data on Co3O4 
nanoparticles [42]. The ratio of peak areas of the two components shows that 62% of the Co ions are in the 
3+ oxidation state and 38% in the 2+ oxidation state, close to the expected ratio for Co3O4 of Co3+:Co2+ = 
2. The core-shell structure in NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 causes the line shape of the Co 2p 
core level to change. The two main peaks seem to have a weak feature at the low binding energy side. 
Furthermore, the shake-up satellites become broader and their centroid shifts towards lower binding energy 
by ~3eV. Both changes are consistent with the appearance of an additional spin-orbit doublet at 778.1eV 
and 793.2eV, which may be attributed to the presence of some Co0 (or metallic Co) [43, 44] present in these 
samples. It is estimated that 19% of the cobalt in the as synthesized NiFe2O4@Co3O4 and 14% of the cobalt 
in the as synthesized ZnFe2O4@Co3O4 is present as zero-valent cobalt. 
 
 
Figure 4.3. Co 2p core level spectra for (a) Co3O4, (b) NiFe2O4@Co3O4 and (c) ZnFe2O4@Co3O4 (Shirley-type 
background and the various spin-orbit doublets representing different oxidation states for Co is also 
shown). 
 
Figure 4.4 shows the Fe 2p core level XPS spectra for the ferrites and the core-shell nanoparticles. The 
line shapes of the Fe 2p core level for the precursor ferrites, NiFe2O4 and ZnFe2O4, are composed of two 
main peaks at 710.6/711.0eV and 724.0/724.7eV, respectively, corresponding to the Fe 2p3/2 and Fe 2p1/2 
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spin orbit components. In addition, two broad satellites with centroids at 719.0/719.7eV and 732.4/733.0eV 
are observed originating from the screening effect of the surrounding oxygen atoms. The observed binding 
energies for the Fe 2p3/2 and Fe 2p1/2 spin are in line with those reported for the inverse spinel NiFe2O4 [45, 
46] and ZnFe2O4 [43] are indicative for the presence of trivalent iron. The Fe 2p core level line shape of the 
core-shell nanoparticles changes quite substantially. The centroid of the Fe 2p3/2 and 2p1/2 peaks shifts to 
lower binding energy by 0.6eV. Furthermore, the spectral weight in the energy region between the main 
peaks and the corresponding satellites increases, resulting in a 2.1eV and 1.1eV shift of the 2p3/2 and 2p1/2 
satellite’s centroid towards lower binding energies, respectively. This is compatible with a change in the 
oxidation state of some Fe ions from 3+ to 2+ [45]. This would imply reduction of some Fe3+ resulting in 
the formation of Fe2+ similar to that observed with cobalt (vide supra). However, the spectral shift may also 
be caused by the core-shell environment. 
 
 
Figure 4.4. Fe 2p core level spectra for (a) NiFe2O4 and NiFe2O4@Co3O4, and (b) ZnFe2O4 and ZnFe2O4@Co3O4. 
The insets show the expanded Fe 2p3/2 peak region. 
 
The Ni 2p core level for NiFe2O4 (Figure 4.5 (a)) shows Ni 2p3/2 and 2p1/2 peaks at 854.9eV and 872.4eV, 
respectively, in good agreement with Ni2+ in the bulk compound [45]. Satellite peaks at 6.5eV higher 
binding energy accompany both main peaks. In the core-shell material, NiFe2O4@Co3O4, the main Ni 2p3/2 
and 2p1/2 peaks become slightly broader and the overall spectrum shifts towards lower binding energies by 
1eV. This indicates that the oxidation state of Ni in the core-shell material remains 2+. The above-
mentioned shift of 1eV might be attributed to the core-shell environment. The Zn 2p core level for ZnFe2O4 
(Figure 4.5 (b)) displays Zn 2p3/2 and 2p1/2 peaks at 1021.4eV and 1044.5eV. The line shape is typical of 
the Zn in the 2+ oxidation state. Like the NiFe2O4@Co3O4 core-shell system, the Zn 2p peaks of 
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ZnFe2O4@Co3O4 nanoparticles shifts to a lower binding energy by 1.8eV in comparison to the Zn 2p peak 
of ZnFe2O4 without a significant change in the peak shape. This may be attributed again to a change of the 
chemical environment of the zinc ferrite forming a part of the core-shell material. 
 
 
Figure 4.5. (a) Ni 2p core level spectra for NiFe2O4 and NiFe2O4@Co3O4 and (b) Zn 2p core level spectra for ZnFe2O4 
and ZnFe2O4@Co3O4. 
 
The reducibility of the nanoparticles was studied using H2-TPR (see Figure 4.6). The experimental data 
was deconvoluted into separate reduction events using a log-normal skewed peak fitting. The resulting peak 
maxima are given in Table 4.2. The H2-TPR profile of Co3O4 shows the presence of two major reduction 
peaks, with peak maxima at 241°C for peak B and 292°C for peak C, respectively, preceded by a shoulder. 
The presence of the low temperature shoulder peak with a peak maximum at ca. 223°C is typically ascribed 
to the reduction of CoOOH [47] or the reduction of residual nitrates [48, 49]. The reduction of nitrates may 
result in the formation of NO, which was indeed observed in the effluent using mass spectrometry (m/z = 
30 (NO+), refer to Figure B.2 in Appendix B) albeit with a peak maximum at a lower temperature of 176°C. 
It should be noted that the sample also contains some Co(II)O (vide supra), whose reduction may be more 
facile due to the lower activation energy for the reduction of cobaltous oxide [50] resulting this in a lower 
reduction temperature. It should be noted that the consumption of hydrogen ascribed to the shoulder (ca. 
4.5% of the total amount of hydrogen consumed) corresponds roughly to the expected amount of hydrogen 
consumed for this sample containing 6.3 wt.% Co(II)O (5.3% of the total hydrogen consumption). The 
sample does contain metallic cobalt and close proximity of metallic cobalt and an oxide phase may enhance 
the reduction of the oxide phase by enhancing the flux of activated hydrogen via spill-over [51]. 
89 
 
The reduction profile for NiFe2O4 shows an asymmetrical reduction peak which was fitted with three 
peaks with reduction maxima at 290 °C, 353 °C and 388 °C using a log-normal skewed peak shape (Figure 
4.6 (b)). The reduction of NiFe2O4 may yield directly metallic nickel and magnetite (300 – 400 °C) which 
is subsequently either directly reduced to metallic Fe or via a FeO intermediate (500 – 800 °C) [52]. 
Alternatively, NiFe2O4 may undergo a reductive decomposition into NiO and magnetite [53] or even a 
thermal decomposition into NiO and hematite [54]. The poor resolution of the reduction peaks makes it 
difficult to describe the reduction pathway unequivocally. The peak areas obtained in the peak 
deconvolution are consistent with a reduction pathway, in which the initial step proceeds via the formation 
of NiO and magnetite (Fe3O4) (requiring 8% of the total amount of hydrogen consumed), followed by the 
reduction yielding simultaneously FeO and metallic nickel (requiring ca. 42% of the total amount of 
hydrogen consumed). In the last step, metallic iron is formed. Irrespective of the reduction pathway, Fe-Ni 
alloyed nanoparticles of various compositions may be formed upon reduction [54, 55].  
The H2-TPR profiles of NiFe2O4@Co3O4 show the presence of two additional peaks in the low 
temperature range of 50 – 300°C when compared to the reduction profile of NiFe2O4 (Figure 4.6 (b) and 
(d)). The maximum temperature for each of these reduction peaks are 164°C and 226°C (these reduction 
peaks coincides with the onset of the ferrite reduction). It is tempting to describe these low temperature 
reduction peaks to the step-wise reduction of the Co3O4 shell. However, the amount of hydrogen consumed, 
which can attributed to the first two reduction steps amounts to only 2% of the total amount of hydrogen 
consumed, which is at odds with the total amount of cobalt within the sample. Furthermore, the relative 
peak area of peak A to B is 1:1.5 (stoichiometrically the amount of hydrogen required for the first reduction 
step in the reduction of Co3O4 to CoO relative to the amount of hydrogen required for the second reduction 
step, CoO to Co, should be 1:3) [48, 56]. This suggests then that peak A and B is due to some reduction of 
Co3O4 at two different temperatures. The relative amount of hydrogen consumed, which is attributed to 
peak C, is significantly higher than the amount of hydrogen consumed for the same peak for NiFe2O4. If 
the reduction process for both NiFe2O4 and NiFe2O4@Co3O4 follows the same reduction steps, it may be 
assumed that hydrogen consumption attributable to the reduction of NiFe2O4 to NiO and Fe3O4 and to 
further reduction of the Co3O4 shell likely to metallic cobalt. It can be further noted that the reduction peaks 
attributable to the reduction of the ferrite structure are shifted to higher temperatures in the core-shell 
nanoparticles compared to NiFe2O4 implying that the reduction of the ferrite is impeded in the core-shell 
structure (Figure 4.6, Table 4.2).  
The H2-TPR profile of ZnFe2O4 (Figure 4.6 (c)) was fitted with five Gaussian shaped peaks with peak 
maxima at 311°C, 413°C, 450°C, 508°C and 768°C. The reduction of ZnFe2O4, is expected to yield initially 
ZnO and magnetite (between 350 and 500°C) [57], with the latter being further reduced at rather moderate 
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temperatures. The peaks in the TPR profile are merged together and a detailed reduction pathway could not 
be resolved. The reduction of ZnO requires rather high temperatures [57], and may be represented by the 
peak ca. 700 – 900°C. 
 
 
Figure 4.6. TPR profiles (a) Co3O4; (b) NiFe2O4; (c) ZnFe2O4; (d) NiFe2O4@Co3O4 and (e) ZnFe2O4@Co3O4. Where 
necessary, low temperature peaks are expanded for clarity on a separate intensity scale. 
 
The H2-TPR profiles of ZnFe2O4@Co3O4 also shows the presence of two additional peaks in the low 
temperature range of 50 – 300°C, with a peak maximum at 178°C and 244°C (Figure 4.6 (c) and (e)). The 
second reduction peak coincides with the onset of the ferrite reduction. Again, the relative hydrogen 
consumption for the reduction of the first two peaks is less than the expected amount, if the first two 
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reduction peaks are ascribed to the consecutive Co3O4  CoO  Co reduction [48, 56]. The first two 
reduction peaks in ZnFe2O4@Co3O4 occur at slightly higher temperatures than in NiFe2O4@Co3O4 (see 
Table 4.2). This might possibly indicate a stronger interaction between the shell and core in 
ZnFe2O4@Co3O4. It can be further noted that the reduction peaks attributable to the reduction of the 
ZnFe2O4 also occur at a higher temperature in ZnFe2O4@Co3O4 nanoparticles than in the single component 
ferrites (see Table 4.2).  
 
Table 4.2. Temperature maxima and relative peak area from the H2-TPR profiles of the various metal oxides (peak 
positions are indicated in Figure 4.6). 
Parameter Peak 
Sample 







A 223 - 164 - 178 
B 247 - 226 - 244 
C 292 290 330 311 329 
D - 353 377 413 435 
E - 388 404 450 461 
F - - - 508 711 
G - - - 767 945 


















A 5 - 1 - 1 
B 14 - 1 - 1 
C 81 8 22 4 2 
D - 46 45 36 52 
E - 46 31 38 33 
F - - - 10 2 
G - - - 12 9 
 H - - - n.d.b n.a.b 
a 
Hydrogen consumption normalized to the total amount of hydrogen consumed 
b n.d.: not determined; n.a.: not applicable 
 
In-situ reduction was performed in a XRD cell to analyze changes in the crystal structure of NiFe2O4 
and ZnFe2O4 after the reduction from room temperature to 230 or 250°C for two hours, respectively. Further 
to that, synthesis gas (H2/CO = 2) at 230°C and 16 bar pressure was introduced after reduction for 16 hours 
to evaluate the influence of the Fischer-Tropsch conditions on the reduced material (refer to Table 4.3). For 
NiFe2O4, metallic Ni (2.4 mass %) and NiO (3.8 mass %) was evidenced after a two hour hold time (see 
Table 4.3). After exposure to Fischer-Tropsch conditions, a Fe-Ni alloy, Fe0.625Ni0.375, was detected (7.4 
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mass %) and Fe2C was present (7.1 mass %) (see Table 4.3). The reducing atmosphere of the Fischer-
Tropsch conditions [58, 59] not only results in the formation of metallic nickel and iron which forms an 
alloy but also results in some carburization [60, 61]. Slight sintering of the NiFe2O4 crystallites occurred 
after activation and more especially, after exposure to Fischer-Tropsch conditions possibly due to exposure 
to water [60]. On the other hand, the crystallite size of metallic nickel was smaller (4.6 nm) after exposure 
to Fischer-Tropsch conditions than activation (10.6 nm). The variation in the crystallite size of nickel after 
exposure to each of the two conditions may be a consequence of the influence of syngas on the crystallinity 
and/or dispersion of the formed nickel over the ferrite surface. Chonco et al.[60] observed similar changes 
to the crystallite sizes of their Cu, Fe3O4 and CuFe2O4 nanoparticles after exposure to Fischer-Tropsch 
conditions. 
 
Table 4.3. Relative phase abundance and average crystallite size of the various phases present after the activation in 
H2 (230/250°C, two hours) and exposure to Fischer-Tropsch conditions (Treaction = 230°C, p = 16 bar) 




After exposure to 
Fischer-Tropsch conditionsf 



















e 93.8 (0.1) 100 (0.0) 85.5 (0.2) 90.2 (0.3) 
NiO 3.8 (0.1) - - - 
Ni 2.4 (0.1) - - - 
Fe0.625Ni0.375 - - 7.4 (0.2) - 
Fe2C - - 7.1 (0.2) 7.2 (0.2) 



















MFe2O4e 15.4 (0.1) 14.8 (0.3) 18.2 (0.1) 16.7 (0.3) 
NiO 17.2 (0.8) - - - 
Ni 10.6 (0.5) - - - 
Fe0.625Ni0.375 - - 4.1 (0.1) - 
Fe2C - - 7.8 (0.3) 5.0 (0.2) 
ZnxFe1-xO - - - 9.6 (0.9) 
a Uncertainty are given in parenthesis 
b Volume-weighted average crystallite size determined from the integral breadth 
c M is Ni or Zn 
d Activation at 230 °C for two hours 
e Activation at 250 °C for two hours 
f Treaction = 230 °C, p = 16 bar for 16 hours 
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For ZnFe2O4, after activation (250°C, two hours) only the spinel ferrite phase was present (Table 4.3) 
indicating that hydrogen treatment does not result in the formation of a crystalline reduced phase, as could 
be expected based on the H2-TPR profile (vide supra), which showed a first small reduction peak with a 
peak maximum at ca. 311°C. Exposure to synthesis gas (16 bar, 230°C for 16 hours) resulted in a partial 
reductive decomposition yielding an iron substituted zinc oxide (ZnxFe1-xO) together with the formation of 
Fe2C (Table 4.3). Similar to NiFe2O4, slight sintering of the ZnFe2O4 crystallites occurred after exposure to 
Fischer-Tropsch conditions. 
The influence of the activation conditions, in a hydrogen environment, on the core-shell nanoparticles 
was evaluated by in-situ heating from room temperature to 230 – 300/350°C in a TEM. During the reduction 
process, the morphology of the core-shell particles was monitored using STEM-HAADF and EELS 
spectrum imaging. The STEM-HAADF images (see Figure 4.7) show the progression of one representative 
site of interest in NiFe2O4@Co3O4 while heating in 1 atm H2 indicating the change in the structure of the 
nanoparticle during reduction. Subtle changes in the HAADF intensity were initially observed after an 
exposure to hydrogen for one hour at 230°C. After two hours at these conditions, growth of cobalt islands 
on the surface of the larger nickel ferrite nanoparticles was observed with sizes in the range of 1 – 3 nm 
(Figure 4.7 (c) and (e)). Further heating (280°C) resulted in the presence of distinct nanoparticles with sizes 
of the order of 3 – 5 nm. The changes in the crystallite morphology and size observed during reduction may 
be attributed to the mobility of cobalt atoms in the shell during the reduction process. It is clear therefore 
that under activation conditions the core-shell structure breaks down to form cobalt islands on the surface 
of the larger nanoparticle. 
The morphological changes during the in-situ TEM reduction of ZnFe2O4@Co3O4 (see Figure 4.8) are 
similar to changes observed during the reduction of NiFe2O4@Co3O4 nanoparticles. These core-shell 
nanoparticles undergo reconstruction during its reduction as demonstrated by the subtle changes in the 
HAADF intensity. The patches of higher HAADF intensity suggest the formation of atomic clusters with 
higher average atomic number on the surface (highlighted by comparing the regions marked in Figure 4.8 
(a) - yellow rectangle, 230°C - with the same nanoparticles in Figure 4.8 (b) - clusters highlighted by blue 
arrows, 280°C). At 350°C, cobalt crystallites of a size of ca. 3 nm have been formed. EELS spectrum 
imaging confirmed these crystallites are cobalt (see inset of Figure 4.8 (d)). Although the first evidence of 
changes to the crystallite morphology is observed at a similar temperature (230°C) for both core-shell 
systems, the formation of crystallites occurs at a higher temperature for ZnFe2O4@Co3O4 (350°C versus 
280°C in the NiFe2O4@Co3O4 system). 
The formation of islands of cobalt decorating the ferrite core upon reduction of the core-shell 
MFe2O4@Co3O4 nanoparticle may be due to the strain induced on the shell during the reduction. The 
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isomorphic reduction of Co3O4 is associated with a volume reduction of 25%. The free energy of the system 
is then minimized by forming multiple islands on the surface of the ferrite core. It is thus proposed that 
reduction will lead initially to a cracked skin containing patches of the reduced metal of the ferrite core. 
Further heating of the core-shell nanoparticles in a hydrogen atmosphere will result in an increased the 




Figure 4.7. STEM-HAADF images of NiFe2O4@Co3O4 obtained (a) prior to reduction and during the in-situ TEM 
reduction at (b) 230°C, one atm for 1 hour; (c) 230°C, one atm for 2 hours; (d) with (c) heating step plus 





Figure 4.8. STEM-HAADF images of ZnFe2O4@Co3O4 obtained during the in-situ TEM reduction in pure H2 at (a) 
190°C, one atm for 1 hour (b) 230°C, one atm for 1 hour; (c) 280°C, one atm for 2 hours and (d) 350°C, 
one atm for 1 hour with inset showing the composite elemental map obtained from the EELS spectrum 
image (Co – green; Zn and Fe composite – orange). 
 
To characterize the synthesized nanoparticles after activation, reduction procedures as set out in  
Table 4.1 were applied. Low reduction temperatures and a short time were used for the core-shell 
nanoparticles to ensure reduction of the shell with minimal sintering. It should be noted that partial 
reduction of NiFe2O4 into NiO (3.8 mass %) and metallic Ni (2.4 mass %) occurs at the applied reduction 
condition whilst no reduction of ZnFe2O was observed (see in-situ XRD data). Therefore, the degree of 
reduction and active metal surface area was not determined for ZnFe2O4.  
A degree of reduction of 42% was obtained for NiFe2O4 and a low H2 uptake was found which 
corresponded to an active metal surface area of 0.47 m2 g-1, assuming only the reduction of Ni2+. For the 
cobalt-containing samples the obtained degree of reduction of the material was determined assuming only 
the reduction of Co3O4. The degree of reduction of the reference material, Co3O4, was rather low (51%; see 
Table 4.4) despite applying more severe reduction conditions. At the same time, the hydrogen uptake of the 
96 
 
reduced catalyst was low (corresponding to a dispersion of 0.21% and active metal surface area of 1.10 m2 
g-1). The low hydrogen uptake may however be attributed to the partially reduced nature of the individual 
catalyst particles. The surface may thus resemble the surface of an oxide to a greater extent than that of a 
metal.  
 
Table 4.4. Characterization of the catalyst samples activated in hydrogen prior to the Fischer-Tropsch synthesis (Space 












surface aread/m2 g-1 
Co3O4 300 1 4.28 51 13.4 1.10 
NiFe2O4 230 2 n.d.
e n.a.e 1.8 n.a.e 
NiFe2O4@Co3O4 230 2 0.57 62 10.3 0.85 
ZnFe2O4 250 2 n.d.e n.a.e n.d.e n.a.e 
ZnFe2O4@Co3O4 250 2 0.30 31 5.4 0.44 
a Amount of O2 taken up in back titration after reduction 
b Degree of reduction assuming only the reduction of Co3O4 
c H2-uptake on the reduced catalyst using pulse chemisorption 
d Based on H2-uptake assuming only metallic cobalt with 14.6 Co atoms/nm2 
e n.d.: not determined; n.a.: not applicable 
 
The oxygen uptake on the reduced NiFe2O4@Co3O4 core-shell nanoparticles indicate a degree of 
reduction of 60%, assuming that oxygen is only consumed for the oxidation of cobalt to Co3O4. However, 
at these conditions some nickel ferrite may have undergone a reductive decomposition, e.g. to NiO and 
metallic Ni (vide supra). The O2 back-titration may thus overestimate the degree of reduction of cobalt. The 
hydrogen uptake is low for NiFe2O4@Co3O4 core-shell nanoparticles thus corresponding to an active metal 
surface area of 0.85 m2 g-1.  
The reduction of ZnFe2O4@Co3O4 is less facile than the reduction of NiFe2O4@Co3O4 as visualized 
using TPR. The obtained degree of reduction is thus less than the degree of reduction obtained with 
NiFe2O4@Co3O4 despite the slightly higher reduction temperature. Hence, the hydrogen uptake and metal 
surface area on the reduced ZnFe2O4@Co3O4 is proportionally less. 
The strength of CO adsorption was probed using CO-TPD on the reduced samples (activation conditions 
are given in  
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Table 4.1). Desorption of CO (m/z = 28) was only observed over the reduced core-shell nanoparticles 
(Figure 4.9). H2O (m/z = 18, possibly residual of the hydrogen pre-treatment) and CO2 (m/z = 44, Figure 
4.10) were observed in the effluent of the CO-TPD obtained over all reduced samples.  
Desorption profiles of molecular CO for reduced NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 were fitted 
with two Gaussian peaks. Desorption peaks were at 409°C and 640°C for NiFe2O4@Co3O4 reduced at 
230°C and at 390°C and 679°C for ZnFe2O4@Co3O4 reduced at 250°C (Table 4.6). The presence of two 
peaks suggests that different binding states of CO on various cobalt surfaces may have been present [62, 
63]. The high temperature peak at ca. 600°C may be due to desorption of the dissociative form of adsorbed 
CO [64-66]. The peak maximum of the shoulder preceding this high temperature peak seems to appear at a 
temperature (ca. 400°C), which is too high to be associated with desorption of associatively bounds CO, 
and may thus also originate from desorption of dissociated CO. However, here CO will desorb from a 
different surface with a weaker CO-binding and/or less facile diffusion of atomic carbon and/or oxygen.  
 
 
Figure 4.9. CO (m/z = 28) desorption profile over reduced (a) NiFe2O4@Co3O4 (Treduction = 230°C) and (b) 
ZnFe2O4@Co3O4 (Treduction = 250°C). 
 
The formation of CO2 was observed in the CO-TPD spectra of all reduced nanoparticles (Figure 4.10). 
The rate of formation of CO2 during the CO-TPD over each of the reduced samples was fitted with four 
Gaussian peaks (positions are given in Table 4.5). The ferrite-containing samples all show the first evidence 
of CO2 formation at ca. 100°C, whereas the first CO2 formation over Co3O4 is only seen at ca. 200°C. It 
can further be noted that the relative amount of the first peak to the total amount of CO2 formed is reduced 
for the core-shell nanoparticles. This may indicate that the low temperature CO2 formation is associated 
with the CO-reduction of the ferrite rather than with the reduction of residual Co3O4. The CO2 formation 
over Co3O4 at ca. 200°C may imply that this material is further reduced when exposed to Fischer-Tropsch 
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conditions. The other peaks associated with CO2 formation appear at much higher temperatures with peak 
maxima in the range of 350 – 700°C. CO2 may originate here from further reduction of the nanoparticles 
[2, 7, 67, 68], carburization of e.g. magnetite [60, 68] or from recombination of dissociated CO with the co-
generation of carbon. It should be noted that the onset of the peak occurs at rather low temperature and 
nanoparticles may reduce and/or carburize further during the Fischer-Tropsch synthesis. 
 
 
Figure 4.10. CO2 in the effluent during the CO-TPD over reduced (a) Co3O4; (b) NiFe2O4; (c) ZnFe2O4; (d) 









CO2 desorption temperature/°C¥ 
Peak 1 Peak 2 Peak 1 Peak 2 Peak 3 Peak 4 
Co3O4 None 199 425 556 664 
NiFe2O4 None 81 355 515 700 
NiFe2O4@Co3O4 409 640 115 388 510 630 
ZnFe2O4 None 112 400 582 701 
ZnFe2O4@Co3O4 390 679 110 384 536 640 
§ Error = 15 °C (at a 95 % confidence) 
¥ Error = 5 °C (at a 95 % confidence) 
 
4.3.1 Fischer-Tropsch synthesis  
The catalytic activity of the different nanoparticles was determined in a fixed bed reactor operating at 
230 °C and 20 bar using the space velocity indicated in Table 4.6 after reduction of these materials 
(activation conditions is given in  
Table 4.1). The CO conversion was below 6% for all materials tested.  
 
Table 4.6. Activity and selectivity in the Fischer-Tropsch synthesis over the reduced materials (activation conditions 
given in  
Table 4.1; Treaction = 230°C, p = 20 bar, CO conversion = 4 ± 2%). 
Sample 
Syngas SVa/ 
mln g-1 hr-1 
SCO2b/
% 
rFTc/                    
10-5 molCO.gCo-1.s-1 
Fraction in organic product/C-% 
C1 C2 – C4 C5+ 
NiFe2O4 7286 5 n.d. 24 24 52 
NiFe2O4@Co3O4 7755 4 1.36 29 24 47 
ZnFe2O4@Co3O4 9583 4 0.42 17 15 68 
a SV = Space velocity 
b SCO2 refers to the CO2 selectivity 
c rFT refers to the integral rate or cobalt-time yield 
 
Reduced NiFe2O4 was active in the Fischer-Tropsch synthesis (see Table 4.6) with similar methane and 
C2 – C4 selectivity of 24 C-% and a C5+ selectivity of 52 C-%. The oxygen-back titration showed that some 
reduction occurred. An in-situ XRD study (see above) showed that after activating this material in hydrogen 
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at 230°C, metallic Ni is present and exposure to Fischer-Tropsch conditions resulted in further reduction 
and carburization, yielding a Fe-Ni alloy (Fe0.625Ni0.375) and Fe2C. The observed performance may be 
attributed to the presence of the Fe-Ni alloy which have been reported to be active for the Fischer-Tropsch 
synthesis and selective towards shorter chain hydrocarbons [69, 70]. FexC is reported to be catalytically 
active for the Fischer-Tropsch synthesis [60, 61, 71].  
CO-hydrogenation over NiFe2O4@Co3O4 core-shell nanoparticles was observed however the 
performance was not as anticipated. This was most likely due to the formation of small cobalt islands (1 – 
3 nm) on the ferrite core after activation at 230°C (Figure 4.7). The activity contribution of cobalt is thus 
expected to be small, since it is well known that the turnover frequencies of cobalt-based Fischer-Tropsch 
catalysts decreases with decreasing crystallite size for cobalt crystallites smaller than 6 nm [6-8]. However, 
the cobalt-time-yield over NiFe2O4@Co3O4 (reduced at 230oC) was 13.64 µmolCO.gCo-1.s-1 and may originate 
from a combinative effect of the cobalt islands formed after reduction and a partially reduced/carburized 
nickel ferrite core (in-situ XRD of NiFe2O4 showed the formation of Fe0.625Ni0.375 and Fe2C when exposed 
to Fischer-Tropsch conditions). The observed selectivity (see Table 4.6) is possibly due to the size of cobalt 
[6] and the CO-hydrogenation over Fe0.625Ni0.375 [69, 70].  
ZnFe2O4 initially showed a rather low conversion and after 33 hours on stream, it was no longer active 
for the FTS reaction. The H2-TPR showed that at the activation conditions (250°C, two hours), reduction 
of the ferrite is unlikely and this was confirmed by the in-situ XRD reduction (Table 4.5). However, after 
exposure to Fischer-Tropsch conditions, some reduction and carburization occurred which resulted in the 
formation of Fe2C. The initial conversion observed may thus be attributed to the formed iron carbide [71]. 
Whilst it is difficult to ascertain the reason for the observed inactivity after a period of time on stream, it 
has been reported that ZnFe2O4 can hinder the formation the of iron carbide during the Fischer-Tropsch 
synthesis [72].  
The cobalt-time-yield of the core-shell nanoparticle, ZnFe2O4@Co3O4 after the applied activation 
conditions is rather low (ca. 4.2 µmolCO.gCo-1.s-1, see Table 4.6). The lower cobalt-time-yield in comparison 
to NiFe2O4@Co3O4 core-shell nanoparticles can be partially rationalized by the low degree of reduction and 
active metal surface area. The in-situ XRD of the ZnFe2O4 core (see Table 4.3) showed that Zn-Fe oxides 
were primarily present under the Fischer-Tropsch synthesis conditions. Thus, the core is speculated to be 
inactive during the Fischer-Tropsch synthesis with reduced ZnFe2O4@Co3O4 core-shell nanoparticles. The 
former argument is supported by the inactivity of the ZnFe2O4 nanoparticles. It may then be that the cobalt, 
which was shown using in-situ TEM to be present as small cobalt islands after reduction, was mainly 
responsible for the observed performance. Despite the low activity, ZnFe2O4@Co3O4 showed a good 
selectivity toward C5+ (68 C-%). The methane selectivity obtained over ZnFe2O4@Co3O4 was significantly 
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reduced (17 C-%) in comparison to the methane selectivity obtained over reduced NiFe2O4@Co3O4. This 
strengthens the argument that some methane formed over NiFe2O4@Co3O4 may be formed over 
Fe0.625Ni0.375 in this catalyst rather than primarily over cobalt.   
The obtained selectivity towards CO2 was between 4 and 5% for NiFe2O4, NiFe2O4@Co3O4 and 
ZnFe2O4@Co3O4 nanoparticles. Selectivity values, albeit higher than in this study, has previously been 
noted for various ferrite-based materials used for the Fischer-Tropsch synthesis [60, 61, 72]. There are 
generally three reasons that may account for the presence of CO2 formed during the Fischer-Tropsch 
synthesis, viz. oxygen removal from the catalytically active phase, carburization of the oxide phase in the 
catalyst or the water-gas shift reaction with the co-generation of hydrogen [60, 61]. It was noted from the 
CO-TPD experiments that CO2 formation may have originated from further reduction of the materials being 
studied. The similarity in CO2 selectivity despite the variation in the CO conversion amongst the various 
materials tested for the Fischer-Tropsch synthesis leads to the speculation that CO2 formation may largely 
be due to the further reduction of the metal oxide catalyst by the recombination of surface oxygen with 
adsorbed carbon monoxide [60, 61]. 
 
4.4 Chapter summary 
Two core-shell nanoparticle systems, each with a Co3O4 shell and a different core material (namely, 
NiFe2O4 and ZnFe2O4), were synthesized, characterized and subjected to catalytic testing for the Fischer-
Tropsch synthesis. Both the NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles were 
determined to have a variable shell thickness around the core of up to 3 nm. In-situ TEM showed that under 
the applied activation conditions, each core-shell nanoparticle system underwent nanoscale restructuring 
after reduction at 230°C and 250°C for NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 respectively. This 
effectively transformed the initial core-shell structure into one with 3 nm sized cobalt islands present on the 
ferrite surface after activation. Therefore, strain effects on the shell was not considered in the study further. 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4, although active for the Fischer-Tropsch synthesis, showed a cobalt-
time yield of 13.6 µmolCO.gCo-1.s-1 and 4.2 µmolCO.gCo-1.s-1, respectively. A higher C5+ selectivity was 
obtained with ZnFe2O4@Co3O4 core-shell nanoparticles. The difference in performance between the two 
core-shell systems was partially attributed to the difference in degree of reduction and active metal surface 
area. The difference in the extent of reduction of each ferrite core identified during the Fischer-Tropsch 
synthesis may have also contributed to the observed activity and selectivity differences between 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles. The variances in activity and selectivity 
observed between NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles highlight the importance 
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5 The influence of mild reduction conditions on the structure and Fischer-











Mild reduction conditions of 180°C (1 hour) was used to activate NiFe2O4@Co3O4 core-shell 
nanoparticles prior to characterization and the Fischer-Tropsch synthesis. It was found that this moderate 
reduction treatment resulted in the retention of the core-shell structure after activation and under Fischer-
Tropsch synthesis conditions. Therefore, a real core-shell structure was present during the Fischer-Tropsch 
synthesis and resulted in a cobalt-time yield of 8.40 µmolCO.gCo-1.s-1 and a C5+ selectivity of 38 C-%. This 
result suggested that the presence of strain on the surface of the cobalt shell in NiFe2O4@Co3O4 core-shell 
nanoparticles reduced at 180 °C (1 hour) was influencing the catalytic performance. The Fischer-Tropsch 
synthesis activity over NiFe2O4@Co3O4 core-shell nanoparticles reduced at 180 °C (1 hour) was similar 
to unsupported Co3O4 (although the C5+ selectivity was higher (81 C-%) with unsupported Co3O4) and 
inferior to the activity of NiFe2O4@Co3O4 core-shell nanoparticles reduced at 230°C for 2 hours (13.6 
µmolCO.gCo-1.s-1 and C5+ selectivity of 47 C-%). The difference in activity and selectivity was attributed to 













The Fischer-Tropsch synthesis (FTS), developed by Franz Fischer and Hans Tropsch, can be used for 
the conversion of natural gas, coal or biomass into a wide range of valuable hydrocarbon products [1]. 
Waxes and diesel can be obtained from the low temperature Fischer-Tropsch synthesis, for which, cobalt-
based catalysts are preferred [2-4]. This is because a higher activity, hydrocarbon productivity and good 
stability can be obtained with these catalysts [5-8]. However, the high cost of cobalt requires that minimal 
cobalt is used whilst maintaining sufficient active metal surface area [4].  
Core-shell nanoparticles are comprised of two or more metals or metal oxides and are made up of an 
inner layer material (core) and an outer layer material (shell).[9-11] The architecture of the core-shell 
nanoparticles is specifically designed to tune the activity of the metal shell through interactions with the 
core material [12]. As a result, these nanoparticles have been the subject of research interest in recent years 
owing to their unique properties and potential for more flexible design to achieve the desired functionality 
[9-11, 13-15]. Core-shell nanoparticles have been shown to be efficient catalysts for various reactions with 
a performance different to that observed over a monometallic catalyst/s and/or alloy comprised of the same 
metals [9-11, 14]. Such nanoparticles were also shown to be promising catalysts for the Fischer-Tropsch 
synthesis however the active cobalt metal was present as a core surrounded by either a metal oxide or 
metallic species shell [16-19]. Core-shell nanoparticles with a cobalt (II, III) oxide (Co3O4) shell around a 
core composed of a different metal oxide have also been used in the Fischer-Tropsch synthesis [20]. The 
advantage of the former core-shell nanoparticle system is that a reduced amount of expensive cobalt can be 
used. This morphology may result in a cheaper nanoparticle catalyst than one comprised of Co3O4 only. 
In chapter 4, the synthesis and characterization of NiFe2O4@Co3O4 core-shell nanoparticles was 
reported (if needed, see [21]). The overall size and shell thickness observed for these nanoparticles 
translated into approximately 82% of the crystallite having been replaced by a material cheaper than cobalt. 
Apart from the savings that could be realized, NiFe2O4@Co3O4 core-shell nanoparticles were also found to 
be active for the Fischer-Tropsch synthesis. The observed performance though, was influenced by the 
restructuring of the cobalt shell after reduction at 230°C for 2 hours which effectively destroyed the core-
shell structure. It was further observed that some reduction of the Co3O4 shell may occur at temperatures 
far below 230°C. Under reactive conditions, the morphology of nanoparticles are dynamic (thermally 
driven) and therefore the nanoscale structure and composition may change from the as-synthesized form as 
a function of the temperature and gaseous environments to which it is exposed [22-28]. Atomistic 
simulations showed that Pd@Pt and Pt@Pd core-shell structures underwent thermally driven structural 
evolutions [27]. Tao et al.[29] reported compositional and structural changes of RhxPd1-x alloy catalysts 
supported on a silicon wafer upon exposure to different reactive environments. Structural changes of Co-
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Pt and Co-Au core-shell nanoparticles and Ni-Co core-shell nanoparticles under heating were also noted 
by Wen et al.[28] and Bonifacio et al.[30] respectively. Carenco et al.[31] reported that the structure and 
composition of core-shell CuCo nanoparticles had changed after exposure to different gaseous 
environments. This may alter the physico-chemical properties and in particular the reactivity of the shell 
[14]. It was thus speculated that the restructuring of NiFe2O4@Co3O4 core-shell nanoparticles, observed 
after reduction at 230°C, may be minimized by utilizing a lower reduction temperature. Therefore, this 
work examined the effect of milder reduction conditions (180°C, 1 hour) on the structure, physico-chemical 
properties and Fischer-Tropsch synthesis performance of NiFe2O4@Co3O4 core-shell nanoparticles. 
Furthermore, the structure and composition of these nanoparticles, after exposure to Fischer-Tropsch 
synthesis conditions, was examined. A comparison was also made to previously reported data for 
NiFe2O4@Co3O4 core-shell nanoparticles reduced at 230°C for 2 hours.  
 
5.2 Experimental 
5.2.1 Synthesis of NiFe2O4@Co3O4  
A detailed description of the synthesis of the core-shell nanoparticles is given elsewhere [21]. Briefly, 
a two-step synthesis was followed. In step 1, an aqueous solution (10 mL) of ammonium carbonate, 
(NH4)2CO3 (8.50M) was mixed with 25 wt.% ammonia aqueous solution (3.6 mL). Cobalt carbonate, 
CoCO3, was added to obtain a cobalt concentration of 0.05M and a pH of 11.5 was obtained. The resulting 
cobalt containing suspension was then stirred at 45°C for 2 hours. After this time, the solution was filtered 
by gravity. This filtrate was added to a round bottom flask and ~ 0.05 g/mL of NiFe2O4 was added; the 
suspension was stirred at 85°C for six hours. The temperature was then increased to 95°C and kept there 
for another 24 hours under stirring. The solvent was subsequently removed under vacuum and the dried 
solid was rinsed with deionized water and again dried under vacuum. The solid obtained was oven-dried at 
110°C for 12 hours. In step 2, the cobalt precursor solution was made as per step 1; however, the suspension 
was added to the dried solid from step 1. The synthesis then followed the process outlined above.  
 
5.2.2 Synthesis of Co3O4 
Analytical grade cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and citric acid (C6H8O7) were obtained 
from Sigma Aldrich. In a typical synthesis, a solution of Co(NO3)2.6H2O (2M) and a solution of citric acid 
(2.5M) was prepared. The cobalt nitrate containing solution was added to the citric acid containing solution 
in a water bath maintained at 30°C. The metal nitrate-citric acid solution was stirred for 95 minutes before 
the temperature was increased to 60°C. The metal nitrate-citric acid solution was kept at this temperature 
for 2 hours under stirring. After this time, a gel formed. The formed gel was placed in a porcelain dish and 
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oven-dried at 110°C for 24 hours. The as-formed resin was subsequently calcined in a muffle furnace at 
350°C for 5 hours. 
 
5.2.3 Characterization 
The in-situ X-ray diffraction (XRD) measurements were performed in an Anton Paar XRK900 coupled 
to the Panalytical X’Pert Pro multi-purpose diffractometer. The in-situ XRD experiments were performed 
under a hydrogen flow (50 ml/min) and the sample was heated from room temperature to 180 °C or 230°C 
(see Table 5.1) using a heating rate of 5°C/min. Diffraction patterns were collected at intervals of 20°C. 
After the reduction, the reactor was flushed with helium for 2 hours and cooled to 40°C. Then, the 
temperature was increased to 230°C under synthesis gas (H2/CO = 2, 50 ml/min). At this temperature, the 
pressure was increased to 16 bar over a 5 hour period. The reaction was maintained under these conditions 
for 16 hours and a diffractogram was collected in 20 minute intervals. At the end of the experiment, the 
system was de-pressurized, flushed with helium and cooled to 40°C. The catalyst was subsequently 
passivated in a mixture of helium (50 ml/min) and oxygen for 3 hours (O2 flow rate was initially 2 ml/min 
and gradually increased to 6 ml/min). The catalyst was unloaded into dry ice and referred to as the used 
catalyst. 
Prior to the Transmission Electron Microscopy (TEM) analysis, the crushed sample was dispersed in 
ethanol using an ultrasonication after which a small amount was transferred onto a holey carbon copper 
TEM grid (SPI Supplies, 300 mesh). A double aberration corrected JEOL ARM 200F transmission electron 
microscope operating at 200 kV was used for the characterization of the used nanoparticles. High angle 
annular dark field (HAADF) scanning transmission electron microscopy (STEM) as well as bright field 
(BF) STEM imaging at atomic resolution was used. Electron energy loss spectroscopy (EELS) Spectrum 
Imaging (SI) was performed using the DualEELSTM mode on the Gatan GIF Quantum ERSTM spectrometer. 
This allows for the pixel by pixel acquisition of both the intense zero loss peak (ZLP) and the elemental 
edges during the same scan. A convergence semi-angle of 21.4 mrad was used for the STEM probe and the 
collection semi-angle of the spectrometer was 54.3 mrad at a camera length of 1 cm. The shell thickness 
and crystallite size were measured from the composite elemental maps generated from the EELS spectrum 
images and STEM-HAADF images, respectively, using Gatan Microscopy Suite® (GMS) 3.  
The in-situ TEM analysis was carried out on a FEI Titan G2 80 – 200 (S)TEM ChemiStem™ instrument 
operating at 200 kV at the University of Manchester. The instrument was equipped with Gatan GIF 
Quantum ERSTM spectrometer. STEM-HAADF images were recorded using FEI TIA software whilst EELS 
spectrum images were recorded using Gatan Digital Micrograph software. The gaseous e-Cell system used 
in the FEI Titan instrument was a Protochips Atmosphere holder with a customized low penumbra geometry 
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beryllium lid. The e-Cell MEMS chips used to create the operating environment were a pair of 300 μm 
thick Si wafers, each with a lithographically fabricated 3000 x 300 μm electron transparent SiNx window. 
The top chip allows heating and has a window thickness of 30 nm while the bottom window is 50 nm thick. 
Spacers deposited onto the chips created a nominal vertical separation between the windows of ~ 5 μm. 
During the measurements, the e-Cell was completely filled with pure hydrogen at a nominal pressure of 1 
bar. The temperature was controlled by on-chip pre-calibrated heater elements controlled by an external 
computer system. The samples were crushed in ethanol and then a drop was placed onto the atmosphere 
side of the electron entrance of plasma cleaned SiNx windows and allowed to dry in a clean ambient 
temperature petri dish. The prepared e-Cell was sealed as per manufacturers specifications and specimens 
were allowed to stabilize at room temperature in the documented gaseous media prior to all measurements. 
Thereafter, the sample was heated to the desired temperature and allowed to remain there for one hour at a 
time before imaging and EELS was done. In order to ensure that electron beam artefacts were not 
influencing the results, images of selected regions of interest were acquired before and after thermal 
treatments. Additionally, after thermal treatments, different sample areas which were not analyzed 
previously were also measured to ensure that the results presented herein are representative and 
reproducible.  
The metal dispersion and the active metal surface area were determined using Temperature Programmed 
Desorption of hydrogen (H2-TPD), which were performed on a AutoChem 2920 (Micrometrics, USA) 
equipped with a Thermal Conductivity Detector (TCD). Before each measurement, the samples were dried 
at 120°C for 1 hour and subsequently reduced in pure hydrogen using the activation conditions listed in 
Table 5.1 (heating rate of 5°C/min). Thereafter, the samples were flushed under argon flow (50 ml/min) for 
1 hour. H2 was adsorbed at 100°C using pulse chemisorption in 10 pulses with a 2 minute interval. The 
calculation for obtaining the dispersion and active metal surface area is given in Appendix B. 
The degree of reduction was determined using oxygen (O2) back titration on a Micromeritics ASAP 
2020 Unit (Micromeritics, USA). Accordingly, a pre-weighed catalyst sample of about 200 mg was 
degassed at 120°C for two hours. After cooling to ambient temperature and exposing the sample to He, the 
sample was reduced in pure H2 (50 ml/min) at the activation conditions given in Table 5.1 using a heating 
rate of 5°C/min. Subsequently, the sample was cooled down to 200°C and evacuated for 4 hours. Then, the 
temperature was increased to the activation temperature (Table 5.1) and O2 titration was carried out. The 
degree of reduction was then determined from the O2 uptake using the formula given in Appendix B. 
The catalytic evaluations were conducted in a fixed bed reactor set-up containing four independent 
parallel reactor tubes each with inner diameter 6.5 mm. The catalysts (200 mg) were diluted with 3.1 g SiC 
(320 grit) which resulted in a catalyst bed length of ~ 6 cm. The catalyst bed temperature was accurately 
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controlled by means of a thermocouple in the middle of the bed. The catalysts were activated in-situ in 
hydrogen prior to the Fischer-Tropsch synthesis (conditions given in Table 5.1). After reduction, the 
temperature was changed to 200°C and the pressure increased to 20 bar using hydrogen and argon. Synthesis 
gas (H2/CO = 2) was then introduced and the temperature was increased to 230°C (ramp rate 0.5°C/min). 
The space velocity during the reaction was varied to achieve a CO conversion of 3 ± 1%. The reaction 
effluent was passed through a hot trap (190°C) to collect the high boiling waxes and a cold trap (15°C) to 
collect the water and low boiling organics product compounds. The outlet gases were analyzed on-line 
using an Agilent 7890A Refinery Gas Analyzer equipped with one Flame Ionization Detector (FID) and 
two TCD channels. Argon (~ 8 vol. %) was added to the feed and used as internal standard to determine 
conversion and product selectivity. The selectivity values are reported in C-% from syngas converted to 
hydrocarbons (i.e. excluding CO to CO2 conversion). 
 
Table 5.1. Conditions for the activation of the carious catalysts in hydrogen prior to the Fischer-Tropsch synthesis 
(Space velocity = 6000 mln.g-1.hr-1). 
Sample Treduction /°C treduction /hours 
NiFe2O4@Co3O4 180 1 
NiFe2O4@Co3O4 230 2 
Co3O4 300 1 
 
5.3 Results and discussion 
The influence of mild reduction conditions (180°C) on the structure of the NiFe2O4@Co3O4 core-shell 
nanoparticles was investigated using in-situ TEM. As the reduction progressed, the morphology of the core-
shell nanoparticles at different sites of interest was monitored using STEM-HAADF and/or EELS spectrum 
imaging. Low magnification STEM-HAADF images of one site of interest in NiFe2O4@Co3O4 
nanoparticles while heating in 1 atm H2 for 1 and 2 hours are shown in Figure 5.1. These images showed 
that the morphology of the crystallites appeared similar after each hold time. Hence, EELS spectrum 
imaging was only done after a two hour hold time. An additional observation of a different site of interest 
(Figure 5.2) showed that the morphology of the nanoparticles, post reduction at 180°C, compared to the 
morphology prior to the reduction, appears similar. The respective EELS spectrum image showed in both 
cases cobalt was present around the nickel ferrite core. This indicates that the core-shell structure remained 





Figure 5.1. Low magnification STEM-HAADF image of NiFe2O4@Co3O4 core-shell nanoparticles obtained after 
heating in 1 atm pure H2 at 180 °C for (a) 1 hour and (b) 2 hours. 
 
 
Figure 5.2. STEM-HAADF images of NiFe2O4@Co3O4 core-shell nanoparticles obtained (a) prior to reduction and 
during the in-situ TEM reduction at (b) 180 °C, in H2 (1 atm) for 2 hours; corresponding composite 
elemental map obtained from EELS spectrum images is also shown. 
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The TEM derived shell thickness was expressed in terms of a shell thickness distribution and the 
histogram for NiFe2O4@Co3O4 core-shell nanoparticles prior to reduction and after reduction at 180°C 
(Figure B.3 (a) and (b) respectively in Appendix B) showed a lognormal distribution. The cumulative 
distribution function of the shell thickness (Figure 5.3) showed a minor shift in the shell thickness, 
particularly at a thickness below 2.3 nm. The average shell thickness, though, for NiFe2O4@Co3O4 core-
shell nanoparticles prior to reduction was 2.5 nm and 2.6 nm for NiFe2O4@Co3O4 core-shell nanoparticles 
reduced at 180°C.  
 
 
Figure 5.3. Cumulative distribution functions showing the shell thickness distribution of NiFe2O4@Co3O4 core-shell 
nanoparticles obtained prior to reduction and during the in-situ TEM reduction at 180 °C, in H2 (1 atm) for 
2 hours. 
 
In order to ascertain whether the shell thickness distributions were statistically similar or different for 
NiFe2O4@Co3O4 core-shell nanoparticles prior to reduction and after reduction at 180°C, the Kolmogorov-
Smirnov two-sample test was used [32]. The data is summarized in Table 5.2 and showed that the two 
distributions are not significantly different at a 95% confidence level. This is since the D statistic (calculated 
from the two cumulative distributions) was less than the value of Dcritical. Additionally, the value of the 
asymptotic p-value indicated that the null hypothesis (the two distributions are statistically similar) could 




Table 5.2. Data derived from the Kolmogorov-Smirnov testa comparing the cumulative distribution functions of 
NiFe2O4@Co3O4 core-shell nanoparticles obtained prior to reduction and during the in-situ TEM reduction 
at 180°C, in H2 (1 atm) for 2 hours. 
Group range of NiFe2O4@Co3O4 core-shell 
nanoparticles 
nb αc Dd Dcriticale 
Asymptotic p-
valuef 
Before reduction compared to after in-situ TEM 
reduction at 180 °C, in H2 (1 atm) for 2 hours 
200 0.05 0.065 0.14 0.74 
a This is a nonparametric statistical test and can be used to evaluate histogram data for determining: (a) the continuity of a histogram and (b) to 
test the similarity or difference between two histograms [32]. 
b n represents the number of measurements per sample. 
c α is the confidence level. 
d D is the derived, real scalar statistic [32]. 






f The asymptotic p-value is used for hypothesis testing and to determine whether the null hypothesis can be supported or rejected. p-values 
close to zero (<0.05) indicates that the null hypothesis can be rejected.[33] 
 
For comparison, the results obtained in this present work are discussed relative to the previously used 
reduction conditions of 230°C for 2 hours (discussed in Chapter 4). A representative EELS spectrum from 
the Co-containing region was obtained before reduction, after reduction at 180°C and after reduction at 
230°C for 2 hours (direct reduction) (Figure 5.4). It should be noted that each EELS spectrum is comprised 
of the contribution from the nanoparticle and the silicon nitride (SiN) window of the in-situ TEM cell (refer 
to Figure B.4 in Appendix B). Each EELS spectrum shows the presence of the Co-L2, 3 peaks. After each 
reduction, these peaks appear at slightly lower energies than prior to reduction (refer to Table 5.3) 
suggesting that metallic cobalt may have formed. The EELS spectrum of NiFe2O4@Co3O4 core-shell 
nanoparticles (reduced at 230°C for 2 hours) also showed the presence of the Fe-L2, 3 edge suggesting that 
some iron diffused to the nanoparticle surface. 
A closer examination of the O-K edge (Figure 5.5, refer to Table 5.3) showed detectable changes in its 
fine structure after each reduction treatment. Specifically, prior to reduction, three characteristic peaks were 
present at around (i) 530eV; (ii) 542eV and (iii) 549eV. These peaks are similar to what is expected for 
cobalt oxides [34]. After reduction, the O-K edge showed the presence of a single peak at approximately 
538eV. A similar peak was obtained with only SiN windows in place (i.e. in the absence of a sample) 
implying some oxidation of the SiN window. The absence of the pre-edge peak around 530eV, which is 
typically present in cobalt oxides, suggests that metallic cobalt [34-36] was present after treatment in 





Figure 5.4. EELS spectrum obtained during the in-situ TEM analysis of NiFe2O4@Co3O4 core-shell nanoparticles (a) 
before reduction; (b) after reduction at 180°C in H2 (1 atm) for 2 hours and (c) after reduction at 230°C in 
H2 (1 atm) for 2 hours. 
 
 
Figure 5.5. EELS spectrum showing the O-K edge region obtained during the in-situ TEM analysis of 
NiFe2O4@Co3O4 core-shell nanoparticles (a) before reduction; (b) after reduction at 180°C in H2 (1 atm) 
for 2 hours; (c) after reduction at 230°C in H2 (1 atm) for 2 hours and (d) SiN window of the cell. The blue 
dotted line shows the position of the O-K edge due to the SiN window. 
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Table 5.3. Peak positions from the EELS data shown in Figure 5.5. 
Sample 
EELS edge/eV 
Co-L3 Co-L2 Fe-L3 Fe-L2 O-K 
NiFe2O4@Co3O4 (before reduction) 780.5 796.0 - - 530.3; 540.3; 542.0;549.0 
NiFe2O4@Co3O4 (180°C, 2 hours) 778.8 795.5 - - 537.0 
NiFe2O4@Co3O4 (230°C, 2 hours) 779.0 795.3 709.5 722.5 538.0 
SiN window - - - - 538.5 
 
In Chapter 4, it was reported that cobalt islands of a size of ca. 3 nm had formed after reduction at 
230°C. It was shown in Figure 5.2 that the composition and observed morphology after reduction at 180°C 
was different since the core-shell structure was retained. The possible presence of metallic cobalt after the 
hydrogen treatment at both temperatures suggests that whilst strain energy may influence the structure and 
composition of the NiFe2O4@Co3O4 core-shell nanoparticles, it may be that the low thermal energy 
provided by the reduction at 180°C encumbered atomistic restructuring/diffusion. As a result, the core-shell 
structure was retained with the shell containing only cobalt. It is known that increases in temperature can 
lead to changes in the structure and composition of (core-shell) nanoparticles [25, 26, 28, 30, 31, 37, 38]. 
The degree of reduction obtained for NiFe2O4@Co3O4 core-shell nanoparticles after mild reduction 
conditions (180°C, 1 hour) was determined using oxygen back-titration and assuming only the reduction of 
Co3O4 (Table 5.4). This showed a rather low oxygen uptake which corresponded to a degree of reduction 
of 21% which was much lower than the value obtained at the slightly higher activation conditions (230°C 
for 2 hours, 62%). This was expected considering the difference in the conditions used for activation and 
that the TPR profile showed only a partial reduction occurring below 180°C (Chapter 4). Conversely, the 
hydrogen uptake was higher over NiFe2O4@Co3O4 core-shell nanoparticles reduced at 180°C (1 hour) than 
when reduction was done at 230°C in hydrogen for 2 hours thus resulting in a higher active metal surface 
area. This may be attributed to the retention of the core-shell structure after activation at the low 
temperature. The lower active metal surface area found for NiFe2O4@Co3O4 core-shell nanoparticles 
reduced at 230°C (2 hours) could be a consequence of the formation of the cobalt islands over the surface 
of the core after reduction. Unsupported Co3O4 also showed a lower degree of reduction and a lower active 
metal area than the core-shell nanoparticles reduced at 180°C for 1 hour. The low H2 uptake found for 






Table 5.4. Characterization of catalysts samples activated in hydrogen prior to the Fischer-Tropsch synthesis (Space 
velocity = 6000 mln.g-1.hr-1). 
Sample 
O2-




uptakec/   
µmol gCo-1 
Active metal 
surface aread/    
m2 gCo-1 
NiFe2O4@Co3O4 (180°C, 1 hour) 0.20 21 21.9 1.74 
NiFe2O4@Co3O4e (230°C, 2 hours) 0.57 62 10.3 0.85 
Co3O4e (300°C, 1 hour) 4.28 51 13.4 1.10 
a Amount of oxygen taken up in back-titration after reduction and per gram of catalyst. 
b Degree of reduction assuming only the reduction of Co3O4 and a cobalt loading of 8.3 wt.% as reported in Chapter 4. 
c H2-uptake per gram of catalyst on the reduced catalyst using pulse chemisorption. 
d Based on H2-uptake assuming only metallic cobalt with 14.6 Co atoms/nm2 and reported per gram of catalyst. 
e First reported in Chapter 4. 
 
The influence of each activation regime was further studied using in-situ XRD to monitor the changes 
in phase composition after reduction (either 180°C for 1 hour or 230°C for 2 hours) and exposure to Fischer-
Tropsch synthesis conditions (230°C, H2/CO = 2, 16 bar) (see Table 5.5). It should be noted that there may 
be some error on the relative phase abundance values due to the small crystallite size and structural 
similarity between the various phases under consideration. Nonetheless, after activation and exposure to 
Fischer-Tropsch synthesis conditions, peaks attributable to metallic cobalt were not observed in the XRD 
pattern of the NiFe2O4@Co3O4 core-shell nanoparticles which were reduced at 180°C for 1 hour. This result 
could have been expected since the in-situ TEM measurements showed only the presence of a thin cobalt 
layer with a thickness of a few nanometers after activation. However, after exposure to the Fischer-Tropsch 
synthesis conditions, an iron carbide phase and peaks characteristic of metallic nickel were also present 
indicating that under these conditions, further reduction and some carburization of the core material had 
occurred.  
The activation of NiFe2O4@Co3O4 core-shell nanoparticles at a slightly higher temperature and longer 
time (230°C, 2 hours) showed that NiFe2O4 and an Fe-Ni alloy (Fe0.625Ni0.375) were present as crystalline 
phases after reduction (refer to Table 5.5). After exposure to Fischer-Tropsch synthesis conditions, these 
phases together with Fe0.8Ni0.2 and iron carbide (Fe2C) were detected. This showed that the use of slightly 
harsher reduction conditions (230°C, 2 hours) had a noticeable impact on the phase composition after 
reduction and exposure to the Fischer-Tropsch synthesis. Further to this, the presence of more exposed core 
material on the surface after reduction at 230°C for 2 hours (refer to Chapter 4) may have eased the 
reduction of the core thereby leading to the formation of the alloy phases detected. After reduction at 230°C 
(2 hours) the size of the ferrite crystallites was larger (see Table 5.5) and increased further after exposure 
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to Fischer-Tropsch synthesis conditions. Upon activation at milder conditions (180°C in hydrogen for 1 
hour) an increase in the ferrite crystallite size was only evidenced after exposure to the Fischer-Tropsch 
synthesis conditions. This suggests that the observed changes in the size of the nickel ferrite crystallites 
may be an outcome of both exposure to sufficiently high temperature during reduction and further enhanced 
by exposure under Fischer-Tropsch synthesis conditions. 
 
Table 5.5. Relative phase abundance and average crystallite size of the various phases present in NiFe2O4@Co3O4 
after the activation in H2 and exposure to Fischer-Tropsch conditions (Treaction = 230°C, p = 16 bar) 
determined from the Rietveld refinement of experimental powder X-ray diffraction data obtained during 
the in-situ experiments. 
 Phase 
H2 activation 
After exposure to 
Fischer-Tropsch conditionsc 



















NiFe2O4 100 (0.0) 90.6 (0.3) 72.4 (0.5) 71.3 (1.5) 
Ni - - 8.2 (0.4) - 
Fe2C - - 19.5 (0.5) 11.6 (1.6) 
Fe0.8Ni0.2 - - - 13.6 (0.9) 




















NiFe2O4 13.6 (0.1) 15.6 (0.3) 16.9 (0.2) 19.9 (0.7) 
Ni - - 3.2 (0.2) - 
Fe2C - - 4.5 (0.2) 5.8 (1.0) 
Fe0.8Ni0.2 - - - 8.1 (0.8) 
Fe0.625Ni0.375 - 10.0 (0.5) - 3.6 (0.6) 
a Uncertainty given in parenthesis. 
b Volume-weighted average crystallite size determined from the integral breadth. 
c Treaction = 230 °C, p = 16 bar for 16 hours 
 
The nanoscale structure of the passivated material from the in-situ XRD measurements (used 
nanoparticles) was also determined. STEM-HAADF images of NiFe2O4@Co3O4 core-shell nanoparticles 
after activation in H2 at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions (used180) 
showed a similar morphology to the fresh NiFe2O4@Co3O4 core-shell material (Figure 5.6). However, the 
crystallite size distribution which was fitted to a lognormal distribution (Figure 5.6 (c)) showed a shift in 
the distribution towards larger crystallite sizes for the nanoparticles after activation in H2 at 180°C (1 hour) 
and exposure to Fischer-Tropsch synthesis conditions. The histograms of the crystallite size distribution is 
shown in Figure B.5 in Appendix B. It was also observed that the mean crystallite size range (at 95% 
confidence level) of the nanoparticles after activation in H2 at 180°C (1 hour) and exposure to Fischer-
122 
 
Tropsch synthesis conditions was larger (between 17.4 nm and 17.6 nm) than that of the fresh 
NiFe2O4@Co3O4 core-shell nanoparticles (13.6 nm – 13.8 nm) (see Table B.2 in Appendix B). There was 
also a slight difference in the width of the curves since the full width at half maximum (FWHM) increased 
from 11.8 nm for the fresh nanoparticles to 13.5 nm for NiFe2O4@Co3O4 core-shell nanoparticles after 
activation in H2 at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions (see Table B.2 in 
Appendix B). This suggested that larger crystallites may have formed after reduction at 180°C and exposure 
to the Fischer-Tropsch synthesis conditions and was similar to the findings obtained from the in-situ XRD 
measurements (Table 5.5). Although sintering of the nickel ferrite nanoparticles may be possible [39, 40], 
it is more likely that the smaller ferrite nanoparticles identified in fresh NiFe2O4@Co3O4 core-shell 
nanoparticles are preferably converted into carbide, metallic nickel and the iron-nickel alloy. This is 
supported by the lower frequency of crystallites with sizes below 5 nm in NiFe2O4@Co3O4 core-shell 
nanoparticles after activation in H2 at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions 
than in the fresh material (Figure 5.6).  
 
 
Figure 5.6. STEM-HAADF image of (a) fresh and (b) used NiFe2O4@Co3O4 core-shell nanoparticles obtained after 
reduction at 180°C (1 hour) and exposure to the Fischer-Tropsch synthesis (Treaction = 230°C, p = 16 bar) 
in an in-situ XRD reactor and (c) the comparison of the corresponding crystallite size distributions fitted 
onto a lognormal distribution function.  
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The Kolmogorov-Smirnov two-sample test was used to statistically compare the cumulative distribution 
function curves (Figure B.6 in Appendix B) of fresh and NiFe2O4@Co3O4 core-shell nanoparticles after 
activation in H2 at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions. The results of this 
test (Table 5.6) showed that the crystallite size distribution curve of the nanoparticles after activation in H2 
at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions was statistically different to the 
fresh nanoparticles. This confirmed that the observed broadening and shift to larger sizes in 
NiFe2O4@Co3O4 core-shell nanoparticles after activation in H2 at 180°C (1 hour) and exposure to Fischer-
Tropsch synthesis conditions, in comparison to the fresh material, was significant.  
 
Table 5.6. Data derived from the Kolmogorov-Smirnov test comparing the cumulative distribution functions of fresh 
NiFe2O4@Co3O4 core-shell nanoparticles and after reduction at 180°C (1 hour) and exposure to the 
Fischer-Tropsch synthesis (used180). 
Group range of NiFe2O4@Co3O4 core-shell 
nanoparticles 
na αb Dc Dcriticald 
Asymptotic p-
valuee 
Fresh compared to used180 199 0.05 0.201 0.10 0.0005 
a n represents the number of measurements per sample. 
b α is the confidence level. 
c D is the derived, real scalar statistic [32]. 






e The asymptotic p-value is used for hypothesis testing and to determine whether the null hypothesis can be supported or rejected. p-values 
close to zero (<0.05) indicates that the null hypothesis can be rejected.[33] 
 
EELS spectrum image elemental maps of cobalt, iron and nickel (Figure 5.7) from NiFe2O4@Co3O4 
core-shell nanoparticles after activation in H2 at 180°C (1 hour) and exposure to Fischer-Tropsch synthesis 
conditions showed that cobalt was present over the surface of the ferrite core (refer to Figure 5.2). The core 
also appeared to have remained intact. The in-situ XRD and TEM results showed that after reduction at 
180°C (1 hour) and exposure to Fischer-Tropsch synthesis conditions, some crystallite size changes may 
have occurred but the core-shell morphology was retained.  
After reduction at 230°C for 2 hours and exposure to the Fischer-Tropsch synthesis conditions in an in-
situ XRD reactor, the STEM-HAADF images of NiFe2O4@Co3O4 nanoparticles after reduction at 230°C 
(2 hour) and exposure to Fischer-Tropsch synthesis conditions showed a similar crystallite shape to the as-
synthesized nanoparticles. However, careful examination of the EELS spectrum images from various 
regions of interest showed subtle differences. As shown in Figure 5.8, cobalt was no longer covering the 
surface of the Ni-Fe core nanoparticle, instead clusters of cobalt was observed amongst these nanoparticles. 
This suggested that cobalt had segregated upon exposure to Fischer-Tropsch synthesis conditions and the 
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core-shell structure was no longer present. Another observation from the STEM-HAADF image shown in 
Figure 5.8 (a) is the likely onset of the formation of a hollow Ni-Fe oxide nanoparticle (indicated by orange 
arrow in Figure 5.8 (a)). This is evidenced from the presence of an oval core seemingly detached from the 
larger nanoparticle. The elemental maps of Fe and Ni (Figure 5.8 (c) and (d) respectively) suggest that this 
core is comprised of both of these species whilst the outer ring of the larger nanoparticles appears 
predominantly iron. Thus, it may be that as the NiFe2O4 nanoparticle is continuously exposed to the 
reducing environment of the Fischer-Tropsch synthesis conditions, Kirkendall porosity occurs, due to the 
difference in diffusion rate of two ion species [41]. If iron diffuses to the outer surface of the nanoparticle 
faster than nickel, this could lead to the observed nanoparticle structure and composition. With sufficient 
exposure, the formation of an iron rich hollow nanoparticle core is speculated.  
 
 
Figure 5.7. (a) STEM-HAADF image with the white square showing the region from which the EELS spectrum image 
was generated. (b) – (d) corresponding elemental maps for Co (green), Fe (red) and Ni (blue) obtained 
from the EELS spectrum images of used NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 180°C 




Figure 5.8. (a) STEM-HAADF image with the white square showing the region from which the EELS spectrum image 
was generated. (b) – (d) corresponding elemental maps for Co (green), Fe (red) and Ni (blue) obtained 
from the EELS spectrum images of used NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 230°C 





A different region of interest in NiFe2O4@Co3O4 nanoparticles after reduction at 230°C (2 hour) and 
exposure to Fischer-Tropsch synthesis conditions showed the presence of cobalt crystallites on a Ni-Fe 
nanoparticle (Figure 5.9). The red arrow indicated in the STEM-HAADF image (Figure 5.9 (a)) shows the 
presence of lattice fringes suggesting the formation of well-defined crystalline cobalt metal. This result is 
in agreement with the in-situ STEM-EELS measurements which showed the formation of cobalt 
crystallites. Thus, large cobalt crystallites may be formed from these cobalt clusters upon sufficient 
exposure to Fischer-Tropsch reaction conditions.  
 
 
Figure 5.9. (a) STEM-HAADF image with the red arrow showing a cobalt metal crystallite. (c) – (d) corresponding 
elemental maps for Co (green), Fe (red) and Ni (blue) obtained from EELS spectrum imaging of another 
region of interest for the used NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 230°C (2 hours) 
and exposure to the Fischer-Tropsch synthesis (Treaction = 230°C, p = 16 bar) in an in-situ XRD reactor.  
 
It was also seen that other nanoparticles had areas that were enriched with either iron (white circle in 
Figure 5.10 (b)) or nickel (white square in Figure 5.10 (b)). This indicated that migration of these species 
to the nanoparticle surface may have occurred. These areas could be an indication of initial reduction of the 
nanoparticles that would lead to the formation of iron-nickel alloys which was evident in the X-ray powder 
diffraction data (Table 5.5). The occurrence of surface migration isn’t surprising since it is known that 
under FTS reactive conditions, the surface composition of nanoparticles may change due to the difference 




Figure 5.10. (a) STEM-HAADF image with the white rectangle showing the region from where the EELS spectrum 
image was generated and (b) corresponding composite elemental map obtained from EELS spectrum image 
of another region of interest for the used NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 230°C 
(2 hours) and exposure to the Fischer-Tropsch synthesis (Treaction = 230°C, p = 16 bar) in an in-situ XRD 
reactor. Note: Co (green), Fe (red), Ni (blue) and Fe-Ni composite (pink). 
 
The above results indicate that both the nanoparticle morphology and composition showed a dependence 
on the temperature and time used for reduction. The former was anticipated since nanoscale alterations 
comprising of structural and compositional changes are thermodynamically driven [26, 28]. 
 
5.3.1 Fischer-Tropsch synthesis 
The catalytic activity of NiFe2O4@Co3O4 core-shell nanoparticles after activation at 180°C (1 hour) was 
determined in a fixed bed reactor operating at 230°C and 20 bar using the space velocity specified in Table 
5.7 to obtain a CO conversion of 3 ± 1%. The active metal surface area (Table 5.4) obtained for 
NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 180°C for 1 hour), despite the low degree of 
reduction, suggested that these nanoparticles would be active for the Fischer-Tropsch synthesis. However, 
the retention of the cobalt shell that was only a few nanometers thick, both after reduction and exposure to 
the Fischer-Tropsch synthesis (refer to Figure 5.2 and Figure 5.7, respectively), indicated that a different 
activity could be anticipated.  
An integral rate (cobalt-time yield) of 8.40 µmolCO.gCo-1.s-1 with a C5+ selectivity of 37 C-% (see Table 
5.7) was obtained for NiFe2O4@Co3O4 core-shell nanoparticles after activation at 180°C (1 hour). The 
surface-specific activity (TOF), calculated from the H2-chemisorption, was 0.02 s-1. The combination of 
metallic nickel and iron carbide phases (Table 5.5) and a thin cobalt shell may have resulted in the observed 
activity and high selectivity to short chain hydrocarbons (C1 – C4). It is known that nickel is a methanation 
catalyst under these conditions [42] and the activity of small cobalt crystallites (<6 nm) is low with a high 
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methane selectivity [43]. The low degree of reduction of cobalt found after activation at 180°C for 1 hour 
(Table 5.4) may, to some extent, also account for the observed activity.  
 
Table 5.7. Activity and selectivity in the Fischer-Tropsch synthesis over reduced materials (activation conditions 
given in Table 5.1; Treaction = 230°C, p = 20 bar at the specified syngas space velocity).  
Catalyst 
Syngas SVa/     
mln.gcat-1.hr-1 




Fraction in organic product/C-
% 
rFT per gCob rFT per gcatc C1 C2 – C4 C5+ 
NiFe2O4@Co3O4 
(180°C, 1 hour) 
6149 0.84 0.07 0.02 4 34 29 37 
NiFe2O4@Co3O4 
(230°C, 2 hours) 
7755 1.36 0.12 0.06 4 29 24 47 
Co3O4 (300°C, 1 
hour) 
6350 0.64 0.48 0.18 0.5 9 10 81 
a SV refers to space velocity 
b rFT is the integral rate or cobalt-time yield per gram of cobalt: 10-5 molCO.gCo-1.s-1 
c rFT is the integral rate per gram of catalyst: 10-5 molCO.gcat-1.s-1 
d TOF is the turnover frequency based on H2 chemisorption: molCO.molCo(Surface).s-1 
e S refers to selectivity 
 
A comparison can be made between NiFe2O4@Co3O4 core-shell nanoparticles and unsupported Co3O4 
nanoparticles on the basis of the crystallite size of the as-synthesized nanoparticles. The NiFe2O4@Co3O4 
core-shell nanoparticles (reduced at 180°C for 1 hour) have an approximate size of 17 nm whilst an average 
size of 14 nm was found for unsupported Co3O4 (refer to Chapter 4). Interestingly, at similar Fischer-
Tropsch testing conditions, the integral rate obtained with NiFe2O4@Co3O4 core-shell nanoparticles 
(reduced at 180°C for 1 hour) per unit mass of cobalt, was marginally higher than that obtained with 
unsupported Co3O4 nanoparticles (8.40 µmolCO.gCo-1.s-1 and 6.43 µmolCO.gCo-1.s-1, respectively). Of course, 
the activity per gram of catalyst was, for unsupported Co3O4, much higher than NiFe2O4@Co3O4 core-shell 
nanoparticles (reduced at 180°C for 1 hour) due to the cobalt content. There is also a marked difference in 
the turnover frequency between these materials with unsupported Co3O4 having a value of 0.18 s-1 and the 
turnover frequency for NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 180°C for 1 hour) was found 
to be 0.02 s-1. 
Although the active metal surface area of NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 180°C 
for 1 hour) was slightly higher than that for unsupported Co3O4 nanoparticles, the rate per unit mass of 
cobalt was similar and TOF was lower. This was unexpected because the core-shell structure was retained 
in NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 180°C for 1 hour) and other reports of core-shell 
nanoparticle systems with metals such as Pd, Co, Ni and Pt were reported to have an activity much higher 
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than the monometallic catalyst in various reactions [44-50]. Upon reduction of the cobalt shell, lattice 
mismatch between the reduced cobalt metal shell and metal oxide core may have resulted in strain effects 
due to lateral expansion of the cobalt shell [51]. When the lattice of the shell material expands, the d-orbital 
narrows and the center of the d-band moves closer to the Fermi level. Consequently, the adsorbate may 
bind stronger to the metal surface. Therefore, it is proposed that CO and dissociated C and O atoms and 
reaction intermediates bind strongly to the shell surface in NiFe2O4@Co3O4 core-shell nanoparticles after 
activation at 180°C (1 hour), thus lowering the catalytic activity. The strong adsorption of reactants and 
intermediates was also used by Den Breejen et al.[52] to rationalize the lower catalytic activity of cobalt 
crystallites smaller than 6 nm in the Fischer-Tropsch synthesis.  
There was also a noticeable difference in C5+ selectivity where unsupported Co3O4 showed a value of 
81 C-% and NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 180°C for 1 hour) had a value of 38 C-
%. Additionally, the C1 selectivity was 34 C-% for NiFe2O4@Co3O4 core-shell nanoparticles (reduced at 
180°C for 1 hour) whilst a selectivity of 9 C-% toward C1 was found for unsupported Co3O4. Whilst the 
selectivity differences may be related to a change in the ratio of sites responsible for chain growth [53] 
between NiFe2O4@Co3O4 core-shell nanoparticles and unsupported Co3O4, the difference in phase 
composition between the catalysts could also govern the observed selectivity. It is suggested that when 
cobalt is present as a thin shell over a NiFe2O4 core together with the multiple phases identified after 
activation and exposure to Fischer-Tropsch synthesis conditions (refer to Table 5.5), a lower chain growth 
probability and increased coverage of dissociated hydrogen may be present in NiFe2O4@Co3O4 core-shell 
nanoparticles (reduced at 180°C for 1 hour) than in unsupported Co3O4. According to Bezemer et al.[43], 
in cobalt-based catalysts with a higher methane selectivity, a lower chain growth probability and an 
increased coverage of dissociated hydrogen was found. Although a reduction in cost for cobalt-based 
catalysts used for the Fischer-Tropsch synthesis is highly desirable, the use of core-shell nanoparticles with 
a cobalt shell thickness in the range of 3 nm appears inadequate for obtaining an acceptable product 
selectivity. Thus, in future designs of core-shell nanoparticles with a cobalt shell, there may be a trade-off 
between cost and catalytic performance. 
The CO conversion obtained in the Fischer-Tropsch synthesis at 230°C and 20 bar with 
NiFe2O4@Co3O4 core-shell nanoparticles reduced at 230°C for 2 hours was in the range of 2 – 4%. A 
significantly lower activity after mild reduction conditions (180°C for 1 hour) was obtained than after 
reduction at 230°C for 2 hours (0.84 molCO.gCo-1.s-1 versus 1.36 molCO.gCo-1.s-1, respectively, see Table 5.7). 
Similarly, the turnover frequency was lower for NiFe2O4@Co3O4 core-shell nanoparticles that were reduced 
at 180°C for 1 hour (0.02 s-1) than when reduction was done at 230°C for 2 hours (0.06 s-1). Despite the 
higher active metal surface area after reduction at 180°C (1 hour) (Table 5.4), the difference in the degree 
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of reduction after each reduction condition could have influenced the observed activity. However, further 
reduction is likely to occur under the Fischer-Tropsch synthesis conditions [54] which was shown to 
influence the nanoscale structure and the extent to which the NiFe2O4 core was reduced (refer to Figure 5.7 
– Figure 5.10 and Table 5.5). It should also be noted that the C5+ selectivity is also lower when the reduction 
was done at a 180°C for 1 hour. 
The NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 180°C for 1 hour have a core-shell 
structure with tensile strain likely present on the cobalt shell surface. As discussed earlier, this could result 
in a stronger CO adsorption and more carbon on the surface which may lead to an increased residence time 
of the monomer units for the Fischer-Tropsch synthesis. With the former and a more hydrogenating surface, 
a higher methane selectivity and lower activity can be expected [43, 55]. Metallic nickel that was found to 
be present in NiFe2O4@Co3O4 nanoparticles under Fischer-Tropsch conditions and after reduction at 180°C 
(1 hour) (Table 5.5) is known to be a methanation catalyst [42] and could also influence the catalytic 
performance. The NiFe2O4@Co3O4 core-shell nanoparticles reduced at 230°C for 2 hours showed the 
presence of small cobalt islands over the ferrite surface, thus behaving more like small nano-sized 
crystallites (with the activity and selectivity, slightly, obscured by the transformation of the ferrite). The 
iron-nickel alloys, identified in this material after reduction at 230°C (2 hours) and exposure to Fischer-
Tropsch conditions, has also been reported to be active for the reaction and to have an effect on the activity 
and selectivity due to synergistic effects [56-58]. Thus, the use of different reduction conditions can alter 
the catalytic performance during the Fischer-Tropsch synthesis due to its effects on the nanoscale structure 
and phase composition of NiFe2O4@Co3O4 core-shell nanoparticles. 
 
5.4 Chapter summary 
NiFe2O4@Co3O4 core-shell nanoparticles were reduced at 180°C for 1 hour and subsequently tested for 
its activity in the Fischer-Tropsch synthesis at 230°C and 20 bar. After reduction, it was observed that the 
core-shell structure was retained and metallic cobalt appeared to have formed as a shell surrounding the 
ferrite core. The shell thickness after reduction was similar to that of the as-prepared core-shell 
nanoparticles (ca. 3 nm). It was also shown that NiFe2O4@Co3O4 core-shell nanoparticles (180°C, 1 hour) 
had a slightly higher activity per gram of cobalt than unsupported Co3O4. However, a lower C 5+ selectivity 
was obtained with the core-shell nanoparticles. The reduction at 180°C for 1 hour yielded a lower activity 
and higher methane selectivity than when reduction was done at 230°C for 2 hours. Owing to the core-shell 
structure present in NiFe2O4@Co3O4 core-shell nanoparticles (180°C, 1 hour), a combination of strain 
effects and phases formed under Fischer-Tropsch synthesis conditions was speculated to have contributed 
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6 Silica supported NiFe2O4@Co3O4 core-shell nanoparticles as precursors 










Stöber silica spheres were used to support for NiFe2O4@Co3O4 core-shell nanoparticles. Prior to 
characterization and the Fischer-Tropsch synthesis, NiFe2O4@Co3O4/SiO2 was reduced at either 180°C 
for 1 hour or 230°C for 2 hours. A higher reduction temperature resulted in a higher cobalt-time yield 
(23.80 µmolCO.gCo-1.s-1) in comparison to a reduction at 180°C (1 hour). After reduction at 230°C for 2 
hours and exposure to Fischer-Tropsch synthesis conditions, the core-shell structure was retained in 
NiFe2O4@Co3O4/SiO2, which might be due to reducing the contact between individual core-shell 
nanoparticles by anchoring the core-shell nanoparticles on to the Stöber silica spheres support. The 
influence of the support was clearly seen after reduction at 230°C (2 hours) due to the higher activity, with 















The Fischer-Tropsch synthesis is an efficient process for the production of high quality hydrocarbons 
from syngas (a mixture of CO and H2) [1-6]. Whilst metals such as cobalt, iron and ruthenium have been 
shown to be active for the Fischer-Tropsch synthesis, cobalt is usually preferred for the low temperature 
Fischer-Tropsch synthesis. The inclination toward cobalt-based catalysts is not only due to its effectiveness 
in the production of higher hydrocarbons, but also because these catalysts have a high activity per unit mass, 
are more resistant to oxidation than iron-based catalysts and have a low activity for the formation of CO2. 
[1-6] However, there is a high cost associated with the use of cobalt as the catalytically active material and 
therefore there is a need to optimize its utilization [7, 8]. Recently, the synthesis of cobalt-based catalysts 
with a core-shell structure has been reported as an attractive route to reduce the content of cobalt in the 
catalyst and thereby its cost [7-10]. There has been a growing interest in the synthesis and application of 
core-shell nanoparticles since the combination of two different components [11-13] may yield unique 
catalytic properties different to those comprising individual or alloyed components [11-18]. Cobalt-based 
core-shell nanoparticles, where cobalt is either present as the core or the shell, have been shown to be an 
alternative catalyst for the Fischer-Tropsch synthesis [1, 5-8, 19] (see also Chapter 4 and Chapter 5).  
In conventional heterogeneous catalysts, a support is used to anchor the catalytically active metal 
particles. For cobalt-based catalysts, this might increase the density of active metallic cobalt sites on the 
surface and thus improve the catalytic performance [2, 6, 20]. Anchoring the catalytically active species 
would reduce the likelihood for sintering. Furthermore, supporting the catalytically active material would 
reduce the heat generation per unit reactor volume resulting in more isothermal conditions and furthermore 
may improve the mechanical integrity of the catalyst. Whilst a variation in the support type may influence 
the product selectivity, the overall impact of the support on the Fischer-Tropsch synthesis behavior of 
cobalt-based catalysts is complex. This is since the degree of reduction; dispersion, crystallite size, (which 
are influenced by the metal-support interaction) and the pore structure of the catalyst/support are significant 
factors in determining the effect of the support on the Fischer-Tropsch activity and selectivity [21, 22]. 
Among the available support choices (alumina, silica, titania, carbon, etc.), the cobalt-silica interaction is 
known to be relatively weak, which may lead to a more facile reduction of the cobalt [2, 21].  
Core-shell nanoparticles have also been anchored on various supports in an effort to further alter its 
catalytic properties [1, 6, 8, 9, 11, 23-28]. Wang et al.[20] examined the use of a high thermally conductive 
core-shell material, Al2O3@Al, as a support for cobalt. In comparison to the conventional catalyst 
(Co/Al2O3), the Co/Al2O3@Al catalyst showed a higher CO conversion and C5+ selectivity during the 
Fischer-Tropsch synthesis. The improved C5+ selectivity was ascribed to the macro-mesoporous structure 
of the core-shell support. The authors also indicated that the temperature remained fairly similar across the 
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catalyst bed as a result of the high thermal conductivity of the Al2O3@Al support. Calderone et al.[9] 
described the formation of Fe3O4@Co3O4 core-shell nanoparticles supported on mesoporous silica and 
stated that the presence of the support assisted in retaining the core-shell structure under reducing 
conditions.  
Supported core-shell nanoparticles have also been used for other reactions such as H2 oxidation [24]; 
the water gas shift reaction [23]; oxidation of formic acid [26] and methanol [29] and dehalogenation 
reactions and reduction of olefins [11]. MWCNTs anchors core-shell nanoparticles thus resulting in 
minimal aggregation and sintering [23]. Carbon-based materials were also used to support core-shell 
nanoparticles by Xu et al.[26] (PtAu@Pt core-shell nanoparticles), Goswami et al.[11] (Pd@Pt core-shell 
nanoparticles) and Cho et al.[30] (PdPt@Pt core-shell nanoparticles). The supported core-shell 
nanoparticles had an improved stability and conversion in comparison to the unsupported core-shell 
nanoparticles.  
Owing to the beneficial effects that has been reported for supported core-shell nanoparticles, 
NiFe2O4@Co3O4 core-shell nanoparticles were supported on silica (Stöber spheres) to determine the effect 
of supporting NiFe2O4@Co3O4 core-shell nanoparticles on the physico-chemical properties and its 
performance in the Fischer-Tropsch synthesis. These NiFe2O4@Co3O4 core-shell nanoparticles have 
previously been shown to be active for the Fischer-Tropsch synthesis after activation at either 180°C for 1 
hour or 230°C for 2 hours (Chapters 4 and 5). The performance of NiFe2O4@Co3O4/SiO2 pretreated at 




6.2.1 Synthesis of Stöber spheres 
Silica (SiO2) microspheres (Stöber spheres) were synthesized according to the procedures described by 
Stöber et al.[31]. Briefly, 400 mL of ethanol (Merck) was added to 50 mL ammonia solution (28.0 – 30.0%, 
Merck, for analysis). The mixture was stirred for 3 minutes before 50 mL tetraethyoxysilane (TEOS, Merck, 
for analysis) was added and the reaction was allowed to proceed for 24 hours. The resulting slurry was 
dried under vacuum to remove the solvent and the white powder that remained was then oven-dried 
overnight at 110°C. The powder was calcined in a static air furnace at 400°C for four hours.  
 
6.2.2 Synthesis of NiFe2O4@Co3O4  
A detailed description of the synthesis of the core-shell nanoparticles is given in chapter 4 (see also [7]). 
Briefly, a two-step synthesis was followed. In Step 1, an aqueous solution (10 mL) of ammonium carbonate, 
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(NH4)2CO3 (8.50M) was mixed with 25 wt.% ammonia aqueous solution (3.6 mL). Cobalt carbonate, 
CoCO3, was added to obtain a cobalt concentration of 0.05M and a pH of 11.5. The resulting cobalt 
containing suspension was then stirred at 45°C for 2 hours, after which the solution was filtered by gravity. 
This filtrate was added to a round bottom flask and ~ 0.05 g/mL of NiFe2O4 was added; the suspension was 
stirred at 85°C for 6 hours. The temperature was then increased to 95°C, at which it was kept under stirring 
for 24 hours. The solvent was subsequently removed under vacuum and the dried solid was rinsed with 
deionized water and again dried under vacuum. The obtained solid was oven-dried at 110°C for 12 hours. 
In step 2, the solution containing the cobalt precursor was made as per step 1; however, the dried solid 
obtained in step 1 was added to the solution to make a suspension of ca. 0.05 g/mL. The synthesis then 
followed the process outlined above. This resulted in a final cobalt loading of 8.3 wt. %. 
 
6.2.3 Synthesis of silica supported NiFe2O4@Co3O4 
The synthesis procedure was adapted from the procedure described by Dad et al.[32]. The 
NiFe2O4@Co3O4 core-shell nanoparticles (~ 3g) was added to 250 mL toluene and sonicated for 30 minutes. 
Then, Stöber spheres (~ 5g) were added to the core-shell nanoparticle suspension and sonicated for a further 
90 minutes after which it was stirred at 90°C to slowly evaporate the toluene. The solid powder that 
remained was oven-dried at 70°C overnight and subsequently calcined in a static air furnace at 250°C for 
5 hours. The cobalt loading in this material was determined to be 3 wt. % using SEM-EDS. 
 
6.2.4 Characterization 
Prior to the TEM/STEM analysis, the crushed sample was dispersed in ethanol using an ultrasonication 
after which a small amount was transferred onto a holey carbon copper TEM grid (SPI Supplies, 300 mesh). 
A double aberration corrected JEOL ARM 200F transmission electron microscope operating at 200 kV was 
used for the ex-situ characterization of the nanoparticles. High angle annular dark field (HAADF) scanning 
transmission electron microscopy (STEM) as well as bright field (BF) STEM imaging at atomic resolution 
was used. Electron energy loss spectroscopy (EELS) Spectrum Imaging (SI) was performed using the 
DualEELSTM mode on the Gatan GIF Quantum ERSTM spectrometer. This allows for the pixel by pixel 
acquisition of both the intense zero loss peak (ZLP) and the elemental edges during the same scan. A 
convergence semi-angle of 21.4 mrad was used for the STEM probe and the collection semi-angle of the 
spectrometer was 54.3 mrad at a camera length of 1 cm.  
X-ray powder diffraction (XRD) patterns were collected on a Bruker D8 Advance X-ray diffractometer 
equipped with a Co Kα X-ray source (λ=0.178897 nm). Phase identification of the diffraction data was 
done using Bruker DIFFRAC.EVA Version 2 or Panalytical’s X’Pert HighScore Plus software was used 
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while average crystallite sizes and relative phase abundances were obtained from Rietveld refinements 
using Bruker AXS TOPAS Version 4.1. The in-situ XRD measurements were performed in an Anton Paar 
XRK900 coupled to the Panalytical X’Pert Pro multi-purpose diffractometer. The in-situ XRD experiments 
were performed under a hydrogen flow (50 ml/min) and the sample was heated from room temperature to 
230°C using a heating rate of 5°C/min. Diffraction patterns were collected at intervals of 20°C. After the 
reduction, the reactor was flushed with helium for 2 hours and cooled to 40°C. Subsequently, the 
temperature was increased to 230°C under synthesis gas (H2/CO = 2, 50 ml/min). At this temperature, the 
pressure was increased to 16 bar over a 5 hour period. The reaction was maintained under these conditions 
for 16 hours and a diffractogram was collected in 20 min intervals. At the end of the experiment, the system 
was flushed with helium, de-pressurized and cooled to 40°C. Following this, the catalyst material was 
passivated in a mixture of helium (50 ml/min) and oxygen for 3 hours (O2 flow rate was initially 2 ml/min 
and gradually increased to 6 ml/min). The used catalyst was unloaded into dry ice. 
Nitrogen isotherms at – 196°C were measured using a Micromeritics ASAP 2480 surface area and 
porosity analyzer. Prior to analysis, the samples we degassed under vacuum for 5 hours at 200°C. Nitrogen 
isotherms were obtained in both adsorption and desorption modes. The surface area of the supports and 
catalysts were determined by the Brunauer-Emmett-Teller (BET) method. The total pore volume was 
calculated from the amount of vapor adsorbed at a relative pressure (P/P0) of 0.99. The average pore 
diameter was determined from the desorption curves using the Brunauer-Joyner-Halenda (BJH) model. 
Temperature Programmed Reduction (TPR) profiles of the samples were obtained with the AutoChem 
2920 (Micrometrics, USA) equipped with a TCD by reducing the catalyst samples using pure hydrogen 
with a flow rate of 10 ml/min while the temperature was increased from 50°C to 1000°C at a rate of 
5°C/min. H2-Temperature Programmed Desorption (TPD) was carried out on the AutoChem 2920 
(Micrometrics, USA). The samples were dried at 120°C for one hour. Then, the catalyst was reduced in 
pure hydrogen using the activation conditions listed in Table 6.1 and using a heating rate of 5°C/min. 
Thereafter, the samples were flushed under argon flow (50 ml/min) for 1 hour. H2 was adsorbed at 100°C 
using pulse chemisorption in 10 pulses with a 2 minute interval. 
The catalytic evaluations were carried at Sasol United Kingdom (SUK) Ltd. and were conducted in a 
fixed bed reactor set-up containing four independent parallel reactor tubes each with inner diameter 6.5 
mm. The catalysts (200mg) were each diluted with 3.1g SiC (320 grit) resulting in a catalyst bed length of 
~ 6 cm.  The catalyst bed temperature was accurately controlled by means of a thermocouple in the middle 
of the bed. Prior to Fischer-Tropsch synthesis the samples were activated in-situ at elevated temperatures 
and atmospheric pressure (see Table 6.1). After reduction, the temperature was changed to 200°C and the 
pressure increased to 20 bar using H2 and Ar. Synthesis gas (H2/CO = 2) was then introduced and the 
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temperature was increased to 230°C (ramp rate 0.5°C/min). The space velocity was adjusted to maintain a 
CO conversion below 10% amongst the various catalysts. The reaction effluent was passed through a hot 
trap (190°C) to collect the high boiling waxes and a cold trap (15°C) to collect the water and low boiling 
organic product compounds. The outlet gases was analyzed on-line using an Agilent 7890A Refinery Gas 
Analyzer equipped with a Flame Ionization Detector (FID) and two TCDs. Ar (~ 8%) was added to the feed 
and used as internal standard to determine conversion and product selectivity. The selectivities are reported 
in C-% from carbon monoxide converted to hydrocarbons (i.e. excluding CO to CO2 conversion). 
 
Table 6.1. Conditions for the in-situ activation in hydrogen of unsupported and silica supported NiFe2O4@Co3O4 
core-shell nanoparticles.  









6.3 Results and discussion 
The BF-TEM image of the Stöber silica spheres (Figure 6.1) shows uniform round particles with a 
relatively smooth surface. The crystallite size distribution for these particles was fitted to a lognormal 
distribution (Figure B.7 in Appendix B) and showed a mean size range between 188.4 nm (at a 95% 
confidence). These particles had a surface area of 54 m2 g-1 and a pore volume of 0.14 ml g-1 with mesopores 
being present of an average pore diameter of 9 nm (refer to Appendix B, Table B.3). 
 
 
Figure 6.1. BF-TEM image of the Stöber silica spheres prepared.  
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Reflections characteristic of NiFe2O4 (Lvol-IB = 12 nm) were present in the X-ray powder diffraction 
pattern of NiFe2O4@Co3O4/SiO2 with a broad peak between 2θ = 25° and 35° assigned to the amorphous 
Stöber silica spheres support (see Figure B.8 and Table B.4 in Appendix B). The absence of reflections for 
Co3O4 has previously been explained (Chapter 4) as being due to the thin Co3O4 shell that would inhibit 
coherent scattering resulting in the formation of a diffraction pattern. 
The NiFe2O4@Co3O4 core-shell nanoparticles (see inset of Figure 6.2 (b)) were anchored on the Stöber 
silica spheres (Figure 6.2). However as shown in the annular dark field (ADF) images, some nanoparticles 
remained unsupported (Figure 6.2 (a)) whilst some were present within agglomerates on the surface of the 
silica spheres (Figure 6.2 (b)) and others dispersed as individual nanoparticles (Figure 6.2 (c)) on the 
support. Nonetheless, the presence of NiFe2O4@Co3O4 core-shell nanoparticles on the support surface is 
also reflected in its BET surface area (37 m2 g-1) which was lower relative to the Stöber silica spheres (54 
m2 g-1). In comparison to Stöber silica spheres, negligible changes to the pore volume and average pore size 
were evidenced for NiFe2O4@Co3O4/SiO2 (Table B.3, Appendix B). Similar results were reported by 
Haghtalab and Mosayebi [1] for their Co@Ru/γ-Al2O3. 
 
 
Figure 6.2. (a) – (c): ADF images of NiFe2O4@Co3O4 core-shell nanoparticles supported on silica spheres. The inset 
in (b) shows the EELS SI map of the nanoparticle indicated by the white dashed circle. Note: green 
represents cobalt and the NiFe composite is shown in pink. 
 
The TPR-profiles of NiFe2O4@Co3O4/SiO2 were similar in shape to the TPR-profile of 
NiFe2O4@Co3O4, although the temperature maxima occurred at different temperatures (refer to Table B.5 
in Appendix B). This may be a consequence of the different masses used for each replicate (refer to Table 
B.5 in Appendix B) and/or nanoparticle-support interaction. The Co3O4 shell on NiFe2O4@Co3O4 core-
shell nanoparticles was partially reduced between 50 and 250°C (see chapter 4). Examining this temperature 
region in the TPR profile of NiFe2O4@Co3O4/SiO2 (see inset in Figure 6.3) shows the subtle appearance of 
two peaks, at slightly higher temperature, than in the reduction profile of the corresponding unsupported 
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material. Similar to the reduction profile of the unsupported NiFe2O4@Co3O4 core-shell nanoparticles, the 
onset of reduction observed for NiFe2O4@Co3O4/SiO2 is around 100°C. It is possible that further reduction 
of the shell occurs whilst the ferrite core is reducing which was demonstrated for NiFe2O4@Co3O4 core-
shell nanoparticles (see Chapter 4).  
 
 
Figure 6.3. TPR profile of NiFe2O4@Co3O4 and NiFe2O4@Co3O4/SiO2. The inset shows the low temperature peaks 
which was expanded for clarity on a separate intensity scale. 
 
Above 300°C, the reduction of the ferrite core occurs and the TPR profile shown in Figure 6.3 shows a 
slight shift to higher temperature for the supported core-shell nanoparticles. However, the repeat 
measurements showed that reduction also occurred at similar or lower temperatures to the unsupported 
material (refer to Table B.5 in Appendix for temperature maxima and Figure B.9 – Figure B.11 for fitted 
profiles). It is known that interactions between nanoparticles and the support may introduce a difference in 
the reduction temperature/s between unsupported and supported materials [2, 6, 19]. Thus, the presence of 
some nanoparticle-support interaction is likely however variation in the reduction temperature amongst the 
replicate analysis may also be due to the different mass used for each replicate.  
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In-depth detail on the NiFe2O4 reduction pathway was provided in Chapter 4 where it was shown that 
the reduction of NiFe2O4 occurs via the formation of NiO and magnetite that is subsequently reduced to 
FeO and metallic Ni. The last step in its reduction pathway is the formation of metallic iron. Each of the 
former reduction steps occurs at a different temperatures in the supported material. In fact, it may be that 
the peak above 450°C in the three replicates of the TPR profile of NiFe2O4@Co3O4/SiO2 is due to the 
reduction of FeO into metallic iron with a strong metal-support interaction. It should be noted that in one 
repeat, this reduction peak was found at ~ 650°C. Similar observations, with respect to the high temperature 
reduction peak, in the reduction profile of Ni-Fe supported on SBA-15 were reported by Kathiraser et 
al.[33]. 
Previous work discussed the use of two different reduction regimes, namely, 180°C for 1 hour and 
230°C for 2 hours (Chapter 5) for the activation of unsupported NiFe2O4@Co3O4 core-shell nanoparticles. 
These reduction conditions were also applied to the Stöber silica spheres supported NiFe2O4@Co3O4 core-
shell nanoparticles. After reduction at 180°C (1 hour), the hydrogen uptake for both the supported and 
unsupported core-shell nanoparticles was low (Table 6.2) resulting in a similar active metal surface area. 
After reduction at 230°C (2 hours), there was a marked increase in hydrogen uptake for 
NiFe2O4@Co3O4/SiO2 in comparison to the unsupported nanoparticles (Table 6.2). As a result, the active 
metal surface area increased to 3.77 m2 g-1 as compared to 0.85 m2 g-1 for the unsupported NiFe2O4@Co3O4 
core-shell nanoparticles. Interestingly, a comparison of the active metal surface area for 
NiFe2O4@Co3O4/SiO2 after each reduction regime shows that this property increased after reduction at 
230°C (2 hours) relative to after reduction at 180°C (1 hour). This is different to what was observed for the 
unsupported material where the active metal surface area decreased after reduction at 230°C (two hours) 
and was attributed to the loss of the core-shell structure (Chapter 5). 
 
Table 6.2. Results from H2 pulse chemisorption of the catalyst samples activated in hydrogen. 
Results 
Reduction at 180°C for 1 hour Reduction at 230°C for 2 hours 
NiFe2O4@Co3O4 NiFe2O4@Co3O4/SiO2 NiFe2O4@Co3O4 NiFe2O4@Co3O4/SiO2 
H2-uptakea/µmol gCo-
1 
21.9 21.0 10.3 47.3 
Active metal surface 
areab/m2 gCo-1 
1.74 1.67 0.85 3.77 
a H2-uptake on the reduced catalyst using pulse chemisorption 





6.3.1 Fischer-Tropsch synthesis 
The cobalt-time yield after reduction at 180°C (1 hour) was similar for both unsupported and Stöber 
silica spheres supported NiFe2O4@Co3O4 core-shell nanoparticles (Figure 6.4) when tested for the Fischer-
Tropsch synthesis at 230°C, 20 bar (CO conversion = 3 ± 1%; note that the space velocity was lowered for 
NiFe2O4@Co3O4/SiO2 due to the lower amount of cobalt per gram of catalyst).  
 
 
Figure 6.4. Comparison of activity and selectivity (Treaction = 230°C, p = 20 bar, CO conversion = 3 ± 1%) between 
unsupported and Stöber silica spheres supported NiFe2O4@Co3O4 core-shell nanoparticles activated at 
180°C for 1 hour (space velocity of 6149 and 1520 mln g-1 h-1 respectively). 
 
The similarity in active metal surface per gram of cobalt calculated for each catalyst (refer to Table 6.2) 
may also account for the similarity in activity per gram of cobalt. The C1 and C2 – C4 selectivity was 23 C-
%, respectively, for NiFe2O4@Co3O4/SiO2 with a C5+ selectivity of 55 C-%. In contrast, unsupported 
NiFe2O4@Co3O4 core-shell nanoparticles had a lower C5+ selectivity of 38 C-% and a C1 and C2 – C4 
selectivity of 34 C-% and 29 C-%, respectively. The difference in product distribution between unsupported 
and silica supported NiFe2O4@Co3O4 core-shell nanoparticles may be due to the different gas velocity used. 
The C2 – C4 olefin selectivity (Table 6.3) was found to be lower for NiFe2O4@Co3O4/SiO2 than unsupported 
NiFe2O4@Co3O4 core-shell nanoparticles. Owing to the higher C5+ selectivity, lower methane selectivity 
and lower olefin selectivity, it is suggested that the lower space velocity (higher residence time) used during 
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the Fischer-Tropsch synthesis with NiFe2O4@Co3O4/SiO2 may have caused selective readsorption of α-
olefins and chain initiation [34] thereby resulting in the observed product distribution. A lower space 
velocity has been shown to influence the readsorption of α-olefins thus resulting in the reversal of the β-
dehydrogenation step leading to a higher C5+ selectivity and a lower methane and lower olefin selectivity 
within the reaction product [34-37]. The physical structure of the support, may to some extent, also 
influence the product distribution due to intrapellet diffusion that could affect readsorption and chain 
initiation by α-olefins [38]. It may be speculated that under the Fischer-Tropsch synthesis, the core may 
also play a trivial role in the performance of these NiFe2O4@Co3O4/SiO2 core-shell nanoparticles since the 
ferrite core seems to be minimally affected upon exposure to the low temperature reduction conditions and 
the Fischer-Tropsch synthesis (see chapter 5, Figure 5.7 and chapter 5, Table 5.5). 
 
Table 6.3. Olefin selectivity in the Fischer-Tropsch synthesis over the reduced unsupported and Stöber silica spheres 
supported NiFe2O4@Co3O4 core-shell nanoparticles (Reduction at 180°C (1 hour); Treaction = 230°C, p = 20 
bar; CO conversion = 3 ± 1%). 
Sample 
Syngas SVa/ 
mln gcatalyst-1 hr-1 
Olefin selectivity/mol-% 
C2 C3 C4 
NiFe2O4@Co3O4 6149 3.9 7.2 3.0 
NiFe2O4@Co3O4/SiO2 1520 b.d.b 2.1 b.d.b 
a SV = Space velocity. 
b b.d. refers to below detection limit. 
 
Prior to examining the performance of NiFe2O4@Co3O4/SiO2 after reduction at 230°C (2 hours), the 
phase composition and structure of the used material (after reduction and exposure to the Fischer-Tropsch 
synthesis) was studied. After reduction at 230°C (2 hours), the physico-chemical properties of unsupported 
and Stöber silica spheres supported NiFe2O4@Co3O4 core-shell nanoparticles showed a noticeable 
difference as indicated above. This suggested that the presence of the support may have altered the phase 
composition and/or nanoscale structure present after reduction and exposure to Fischer-Tropsch synthesis 
conditions. Therefore, in-situ reduction (230°C, 2 hours) and exposure to Fischer-Tropsch synthesis 
conditions (230°C, 16 bar, 16 hours) was carried out in a XRD cell to determine the changes, if any, in the 
phase composition and structure of NiFe2O4@Co3O4 core-shell nanoparticles supported on Stöber silica 





Table 6.4. Relative phase abundance and average crystallite size of the various phases present in 
NiFe2O4@Co3O4/SiO2 after activation in H2 at 230°C (2 hours) and exposure to Fischer-Tropsch conditions 
(Treaction = 230°C, p = 16 bar) determined from the Rietveld refinement of experimental powder diffraction 
data obtained during the in-situ experiments. 
 Phase 
H2 activation 



























NiFe2O4 90.6 (0.3) 81.4 (0.4) 71.3 (1.5) 68.2 (0.5) 
Fe2C - - 11.6 (1.6)  
Fe0.8Ni0.2 - 13.2 (0.4) 13.6 (0.9) 24.5 (0.5) 



















 15.6 (0.3) 14.0 (0.2) 19.9 (0.7) 14.5 (0.3) 
Fe2C - - 5.8 (1.0) - 
Fe0.8Ni0.2 - 8.3 (0.4) 8.1 (0.8) 4.1 (0.2) 
Fe0.625Ni0.375 10.0 (0.5) 155.0 (49.0) 3.6 (0.6) 110.3 (21.3) 
a Uncertainty given in parenthesis. 
b Volume-weighted average crystallite size determined from the integral breadth. 
c Treaction = 230°C, p = 16 bar for 16 hours 
 
After activation at 230°C (2 hours) and exposure to the Fischer-Tropsch synthesis conditions, NiFe2O4 
and iron-nickel alloys (Fe0.8Ni0.2 and Fe0.625Ni0.375) were present in NiFe2O4@Co3O4/SiO2 (Table 6.4). These 
phases were also identified in unsupported NiFe2O4@Co3O4 core-shell nanoparticles after exposure to the 
same conditions. Smaller crystallites of Fe0.8Ni0.2 were present in NiFe2O4@Co3O4/SiO2 whilst the NiFe2O4 
crystallites were similar in size after exposure to the Fischer-Tropsch conditions as to the size determined 
in the reduced nanoparticles. It is also worth noting that the size of Fe0.8Ni0.2 crystallites were smaller in 
NiFe2O4@Co3O4/SiO2 than in the unsupported material, after reduction and exposure to Fischer-Tropsch 
synthesis conditions.  
The STEM-HAADF image (Figure 6.5 (a)) indicated that the crystallite morphology of the core-shell 
nanoparticles in NiFe2O4@Co3O4/SiO2 after reduction at 230°C (2 hours) and exposure to Fischer-Tropsch 
synthesis conditions was similar to the as-synthesized material (refer to Figure 6.2). In fact, EELS spectrum 
imaging (Figure 6.5 (b) and (c)) showed that the core-shell structure was still present with a cobalt shell 
approximately 2 nm thick around the Ni-Fe core. In contrast to unsupported NiFe2O4@Co3O4 core-shell 
nanoparticles that was reduced at 230°C for 2 hours prior to being exposed to Fischer-Tropsch synthesis 
conditions (refer to Chapter 5, Figure 5.8 – Figure 5.10), this finding showed that the use of Stöber silica 
spheres minimized changes to the nanoparticle structure. This may be ascribed to the support reducing the 
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contact between individual core-shell nanoparticles. These results also demonstrated that the use of a 
support aided in stabilizing the core-shell structure under reduction and reaction conditions. Calderone et 
al.[9] indicated that the use of a mesoporous silica support for their Fe3O4@Co3O4 core-shell nanoparticles 
may have been beneficial for retaining the core-shell structure under reducing conditions. It is likely then 
that the core-shell structure as well as the presence of two Fe-Ni alloys after exposure to reactive conditions 
resulted in the observed active metal surface area (Table 6.2). It should be noted that Ni-Fe nanoparticles 
were observed on the support surface after reduction at 230°C (2 hours) and exposure to Fischer-Tropsch 
conditions (refer to Figure 6.5). It was previously shown (refer to chapter 3) that some NiFe2O4 
nanoparticles did not have a cobalt shell in the as-synthesized NiFe2O4@Co3O4 core-shell nanoparticles 
and therefore it may be that these nanoparticles are the Ni-Fe nanoparticles observed in Figure 6.5.  
 
 
Figure 6.5. (a) STEM-HAADF image of NiFe2O4@Co3O4 core-shell nanoparticles supported on silica spheres after 
reduction at 230°C (2 hours) and exposure to Fischer-Tropsch synthesis conditions (Treaction = 230°C, 20 
bar) in an in-situ XRD cell. The white rectangle shows the region from which the EELS spectrum images 
was generated; (b) DF image and (c) composite elemental map obtained from the EELS spectrum images 
of the nanoparticles indicated by the white dashed rectangle in (a). Note: green represents cobalt and the 
Ni-Fe composite is shown in indigo. 
 
The catalytic performance in the Fischer-Tropsch synthesis (230°C, 20 bar, CO conversion = 3 ± 1%) 
of unsupported and Stöber silica spheres supported NiFe2O4@Co3O4 core-shell nanoparticles, reduced at 
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230°C (2 hours) is shown in Figure 6.6. There was a marked increase in the catalytic activity obtained with 
NiFe2O4@Co3O4/SiO2 when compared to unsupported NiFe2O4@Co3O4 core-shell nanoparticles possibly 
due to the activity of the Fe0.8Ni0.2 nanoparticles present in NiFe2O4@Co3O4/SiO2. The difference in 
nanoscale structure after reduction and exposure to Fischer-Tropsch conditions may have also played a role 
in the observed activity. The similarity in the product distribution between the catalysts suggested that the 
factors which influenced selectivity of unsupported NiFe2O4@Co3O4 core-shell nanoparticles (Chapter 4 
and 5) could have affected product formation over NiFe2O4@Co3O4/SiO2. 
 
 
Figure 6.6. Comparison of activity and selectivity (Treaction = 230°C, p = 20 bar, CO conversion = 3 ± 1%) between 
unsupported and Stöber silica spheres supported NiFe2O4@Co3O4 core-shell nanoparticles activated at 
230°C for 2 hours (space velocity between 7755 and 9299 mln g-1 h-1). 
 
A comparison of the performance of NiFe2O4@Co3O4/SiO2 activated at two different reduction 
conditions (as give in Table 6.1) is given in Table 6.5. At these conditions, the CO conversion was 3 ± 1%. 
The activation conditions was shown to have an influence on the cobalt-time yield, where activation at 
180°C (1 hour) resulted in a lower cobalt-time yield (8.06 µmolCO.gCo-1.s-1) than when activation was done 
at 230°C (2 hours) (23.83 µmolCO.gCo-1.s-1). It was previously speculated that the higher activity obtained 
with reduction at 230°C (2 hours) was due to the contribution from the shell and the partially reduced core 
(Ni-Fe alloys) (Chapter 4 and 5). The former is likely applicable to NiFe2O4@Co3O4/SiO2. It should be 
150 
 
noted that the higher active metal surface could have also contributed to the activity after activation at 
230°C (2 hours) (see Table 6.2).  
 
Table 6.5. Activity and selectivity in the Fischer-Tropsch synthesis over the reduced NiFe2O4@Co3O4/SiO2 







rFTc/                    
10-5 molCO.gCo-1.s-1 
Fraction in organic product/C-% 
C1 C2 – C4 C5+ 
Reduction at 180°C, 
1 hour 
1520 3 0.81 23 22 55 
Reduction at 230°C, 
2 hours 
9299 3 2.38 33 23 44 
a SV = Space velocity 
b SCO2 refers to the CO2 selectivity 
c rFT refers to the integral rate or cobalt-time yield 
 
Table 6.6. Olefin selectivity in the Fischer-Tropsch synthesis over the reduced Stöber silica spheres supported 
NiFe2O4@Co3O4 core-shell nanoparticles (Activation conditions given in Table 6.1; Treaction = 230°C, p = 






C2 C3 C4 
Reduction at 180°C, 1 hour 1520 b.d.b 2.1 b.d.b 
Reduction at 230°C, 2 hours 9299 1.7 5.8 1.6 
a SV = Space velocity. 
b b.d. refers to below detection limit. 
 
There is a marked difference in the C1 selectivity between NiFe2O4@Co3O4/SiO2 (reduced at 180°C, 1 
hour) and NiFe2O4@Co3O4/SiO2 (reduced at 230°C, 2 hours). The lower C1 selectivity (23 C-%) after the 
application of a milder reduction condition was accompanied by an increased C5+ selectivity (55 C-%). On 
the other hand, after activation at 230°C (2 hours), the C5+ selectivity was 44 C-% whilst a 33 C-% 
selectivity towards C1 was determined. The selectivity towards C2 – C4 products was similar with each 
reduction condition. Additionally, the selectivity to C2 – C4 olefins was higher with NiFe2O4@Co3O4/SiO2 
(reduced at 230°C, 2 hours) than the material reduced at the lower temperature (Table 6.6). This indicates 
that the observed selectivity differences is a possible outcome of the different syngas velocity used. It was 
discussed earlier that the lower gas velocity used for NiFe2O4@Co3O4/SiO2 (reduced at 180°C, 1 hour) may 
151 
 
influence secondary reactions where the re-adsorption of olefins may reverse a surface chain termination 
pathway by permitting α-olefins to re-enter the chain growth pathways [34].  
 
6.4 Chapter summary 
NiFe2O4@Co3O4 core-shell nanoparticles were supported on Stöber silica spheres. This material was 
reduced at either 180°C (1 hour) or 230°C (2 hours) prior to characterization and the Fischer-Tropsch 
synthesis. A similar activity was found for unsupported and supported NiFe2O4@Co3O4 core-shell 
nanoparticles after reduction at 180°C (1 hour) and therefore the influence of the support could not be 
properly established. However, after reduction at 230°C for 2 hours, there was an increase in cobalt-time 
yield of the supported nanoparticles in comparison to the unsupported material. This was likely due to 
Fe0.8Ni0.2 in supported NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 230°C (2 hours). The C5+ 
selectivity was similar between unsupported and Stöber silica spheres supported NiFe2O4@Co3O4 core-
shell nanoparticles and may have been due to the similar phase composition present in both materials after 
reduction at 230°C (2 hours) and exposure to Fischer-Tropsch synthesis conditions. Similar to the findings 
of chapter 5, the reduction conditions influenced the Fischer-Tropsch synthesis performance of the 
NiFe2O4@Co3O4/SiO2 core-shell nanoparticles. Reduction at 230°C (2 hours) showed a higher activity 
(23.80 µmolCO.gCo-1.s-1) than was obtained when reduction was done at milder reduction condition. 
NiFe2O4@Co3O4/SiO2 (180°C, 1 hour) showed a higher C5+ selectivity (55 C-%) than the material reduced 
at 230°C for 2 hours (44 C-%) and was a likely effect of the lower syngas space velocity used for the 
material reduced at the lower temperature. An important finding of this work was that the use of Stöber 
silica spheres resulted in NiFe2O4@Co3O4 core-shell nanoparticles retaining the core-shell structure even 
after reduction at 230°C and exposure to Fischer-Tropsch conditions. 
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7 Conclusion  
 
Core-shell nanoparticles with either a nickel ferrite (NiFe2O4) core or a zinc ferrite (ZnFe2O4) core and 
a cobalt (II, III) oxide (Co3O4) shell (NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 respectively) were synthesized 
and characterized.  
The inverted spinel, NiFe2O4 and the normal spinel, ZnFe2O4 were first synthesized using the citrate 
precursor method. Each ferrite was phase pure with an average crystallite size of 14 nm. The production of 
ferrite nanoparticles with the former characteristics was dependent on the calcination temperature and the 
molar ratio of Fe/M (where M is either Ni or Zn). Although small nanoparticles were obtained using the 
citrate precursor method, the crystallite size, fitted with a lognormal distribution function was wide with 
crystallite sizes from 5 nm to 40 nm.  
The premade NiFe2O4 nanoparticles were used as a core to optimize the synthesis of the core-shell 
nanoparticles. This was achieved using a simple homogeneous deposition precipitation method where the 
cobalt (II, III) oxide was formed after synthesis thus eliminating the need for calcination. Concentrations 
of cobalt in the synthesis solution between 6.3 and 7.6 wt.% cobalt yielded a partial, non-uniform shell 
whilst higher concentrations resulted in the formation of Co3O4 nanoparticles over the NiFe2O4 surface. 
Hence, a two-step synthesis was used to obtain core-shell nanoparticles with a more uniform coverage of 
the NiFe2O4 surface than the one-step synthesis. The cobalt shell was between 1 and 3 nm thick for the 
core-shell nanoparticles prepared with the two-step synthesis and the final cobalt loading was 8.3 wt.%. 
The two-step synthesis was also used to prepare ZnFe2O4@Co3O4 core-shell nanoparticles with a similar 
shell coverage and thickness as in NiFe2O4@Co3O4 core-shell nanoparticles.  
The physico-chemical properties and the catalytic behavior during the Fischer-Tropsch synthesis of 
NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles were examined and compared to each other 
to determine the effect of cobalt present in a shell surrounding a ferrite core. An important finding of the 
work was that the reduction of the unsupported NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell 
nanoparticles, at 230°C and 250°C respectively, destroyed the core-shell structure. This is the first report 
of the change in nanoscale structure of these core-shell nanoparticle systems. Owing to the loss of the core-
shell structure, the influence of strain on the catalytic performance was not further investigated here. The 
Fischer-Tropsch synthesis over reduced NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles 
showed a cobalt-time yield of 13.64 µmolCO.gCo-1.s-1 and 4.27 µmolCO.gCo-1.s-1, respectively. The higher 
activity obtained with NiFe2O4@Co3O4 core-shell nanoparticles was ascribed to the presence of metallic 
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cobalt, iron-nickel alloy and iron carbide (formed from the partial reduction and carburization of the nickel 
ferrite core under Fischer-Tropsch synthesis conditions).  
The use of mild reduction (180°C, 1 hour) was shown to result in the retention of the core-shell structure 
after reduction and exposure to the Fischer-Tropsch synthesis conditions. Additionally, metallic nickel and 
iron carbide was identified under reaction conditions. Therefore, a system with a true core-shell structure 
could be studied for the Fischer-Tropsch synthesis. A low activity and C5+ selectivity (8.40 µmolCO.gCo-1.s-1 
and 38 C-% respectively) was found for NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 180°C 
(1 hour). The activity of NiFe2O4@Co3O4 core-shell nanoparticles after reduction at 180°C (1 hour) was 
slightly higher than that obtained with unsupported Co3O4. The C5+ selectivity was higher (81 C-%) with 
the unsupported Co3O4 than NiFe2O4@Co3O4 core-shell nanoparticles reduced at 180°C (1hour). The 
difference in performance between the core-shell nanoparticles and unsupported Co3O4 was possibly due 
to the lattice strain induced onto the shell. The performance determined for NiFe2O4@Co3O4 core-shell 
nanoparticles after reduction at 180°C (1 hour) was poorer than that found for these nanoparticles after 
reduction at 230°C for 2 hours. However, strain effects contributed to a lower activity of the core-shell 
nanoparticles than would have been expected.  
NiFe2O4@Co3O4 core-shell nanoparticles was also supported on Stöber silica spheres. As evidenced 
with the unsupported material, the use of different reduction conditions (180°C for 1 hour or 230°C for 2 
hours) altered the properties and performance of the NiFe2O4@Co3O4 core-shell nanoparticles. The use of 
a support for NiFe2O4@Co3O4 core-shell nanoparticles showed that the core-shell structure of the as-
synthesized material was still present after exposure to reduction at 230°C (2 hours) and Fischer-Tropsch 
conditions. NiFe2O4@Co3O4/SiO2 had a higher cobalt-time yield with a similar C5+ selectivity than the 
unsupported material when reduction was done at 230°C for 2 hours. The former was attributed to the 
higher cobalt metal surface area, the retention of the core-shell structure as well the iron-nickel alloys 
present after reduction and exposure to Fischer-Tropsch conditions. The use of Stöber silica spheres was 
shown to be beneficial for retaining the core-shell structure and improving the Fischer-Tropsch synthesis 
performance of NiFe2O4@Co3O4 core-shell nanoparticles.  
This work has shown that there is an opportunity for pursuing the development of core-shell 
nanoparticles with a cobalt shell for the Fischer-Tropsch synthesis. Furthermore, first reports on the 
influence of reduction conditions on the MFe2O4@Co3O4 core-shell nanoparticles has been presented. This 
showed that controlling the reduction conditions may be used as a route for retaining the core-shell structure 
under Fischer-Tropsch conditions. Additionally, the use of a silica-based support has been shown to be 
beneficial for retaining the core-shell structure even after reduction and exposure to Fischer-Tropsch 
conditions. This study has shown that there is a fundamental need for in-situ characterization of 
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nanoparticles after exposure to activation and/or reaction conditions to better formulate the structure-
activity relationship. The findings of this study has laid the foundation for future research endeavors on 
core-shell nanoparticles with a cobalt shell. 
It may be beneficial for future work, that other synthesis routes are examined for preparing the metal 
oxide core material with specific focus on yielding a more uniform crystallite morphology with a narrower 
crystallite size distribution. In maintaining the use of the two-step synthesis described in this work for the 
synthesis of core-shell nanoparticles, future work could examine whether a variation in the shell thickness 
may be achieved by using differently sized core nanoparticles. This could be such that smaller crystallite 
sizes would yield a thinner shell. Another parameter than may be of interest, would be to vary the mass of 
the core used for the synthesis whilst keeping the concentration of cobalt in the precursor solution 
unchanged. It is also possible to examine the effect of a calcination step on the structure of the core-shell 
nanoparticle as this could potentially change the coverage of the core by the shell material and alter the 
strength of the interaction between the shell and the core.  
The comparison between NiFe2O4@Co3O4 and ZnFe2O4@Co3O4 core-shell nanoparticles revealed 
important considerations for future designs of X@Co3O4 core-shell systems (where X represents a suitable 
metal oxide core). Two strategies can be explored here depending on whether a reactive or non-reactive 
core is used. For reactive cores, a complete cobalt shell around the core nanoparticles may be preferred to 
limit the role of the partially or uncovered core nanoparticles. For non-reactive cores, the synthesis method 
employed in this study may be satisfactory. It is important to consider whether the core or core-shell 
materials would undergo structural modification during reduction and catalysis. Consideration should also 
be given to whether Fischer-Tropsch active phases can form from the core material under the applied 
reduction and testing conditions. Prospective endeavors should focus on the selection of a core material 
with an appropriate size range of core materials synthesized, sufficient cobalt concentration and a suitable 
synthesis method to ensure complete Co3O4 shell formation of the desired thickness around the core 
nanoparticles. It may also be of interest in future systems, that routes to minimize the strain on the surface 





8 Appendix A: Calculations 
 






Molar mass of cobalt
Wt. % Co in catalyst
 × stoichiometric factor of 2 ×10000. 
 
The active metal surface area was determined from: 
 
Active metal surface area of cobalt =  
Volume H2 adsorbed
22414 ml/mol
 ×Avogadro's number ×stoichiometric factor of 2 ×cross-sectional area of a cobalt atom
. 
 
The degree of reduction was calculated using: 
 
Degree of reduction of cobalt =  
Moles of cobalt oxidized
Moles of cobalt in sample
 ×100. 
 
The cobalt-time yield (activity) was determined from: 
Corrected CO space velocity = Syngas space velocity x 0.33 
Activity in mmolCO.g-1.hr-1 = 
Corrected CO space velocity
STP
 x CO conversion x 1000 




Activity in molCO.gCo-1.s-1 = 




The turnover frequency (TOF) was determined from: 
TOF = 
Activity in molCO.gCo-1.s-1







9 Appendix B: Additional characterization results and discussion 
 
 
Figure B.1. Powder X-ray diffraction pattern of (a) Co3O4 nanoparticles; (b) NiFe2O4; (c) ZnFe2O4; (d) 
NiFe2O4@Co3O4 and (e) ZnFe2O4@Co3O4.  
 
Table B.1. Phases present in the sample analyzed and the abundance and average crystallite size as determined 











Co3O4 90.3 14 
2.6 1.9 CoO 6.3 47 
Co 3.4 41 
NiFe2O4 NiFe2O4 100 14 1.2 2.2 
Co3O4@NiFe2O4 NiFe2O4 100 15 6.2 3.7 
ZnFe2O4 ZnFe2O4 100 14 2.6 1.7 


























Figure B.3. Histogram of the shell thickness distribution for NiFe2O4@Co3O4 core-shell nanoparticles obtained 










Figure B.5. Histogram of the crystallite size distribution for NiFe2O4@Co3O4 core-shell nanoparticles (a) fresh 























9.3 9.2 – 9.3 12.0 12.0 – 12.1 13.7 13.6 – 13.8 11.8 11.7 – 11.9 
NiFe2O4@Co3O4, 
used180 
13.7 13.6 – 13.8 16.1 16.0 – 16.2 17.5 17.4 – 17.6 13.5 13.4 – 13.7 
a CI refers to the confidence interval. 
b FWHM is the full width at half maximum. 
 
 
Figure B.6. Cumulative distribution functions showing the crystallite distribution of NiFe2O4@Co3O4 core-shell nanoparticles obtained prior to reduction and after reduction 










Table B.3. N2-physisorption results for Stöber silica spheres and supported NiFe2O4@Co3O4. 
Sample BET surface areaa/m2 g-1 
BJH desorption pore 
volumeb/cm3 g-1 
BJH desorption average 
pore diameterc/nm 
Stöber silica spheres 54 0.14 9.1 
NiFe2O4@Co3O4/SiO2 37 0.10 7.5 
a Error = ± 6 m2 g-1 
b Error = ± 0.08 cm3 g-1 










Figure B.8. Powder X-ray diffraction pattern of NiFe2O4@Co3O4/SiO2. 
 
Table B.4. Phases present in the sample analyzed and the abundance and average crystallite size as determined using 
Rietveld refinement of the powder XRD data. 
Sample χ2/% Rwp/% Phase Relative abundance/mass % Lvol-IB/nm 






Figure B.9. TPR profile of NiFe2O4@Co3O4/SiO2 (replicate 1) showing peak fitting and positions.  
 
 




Figure B.11. TPR profile of NiFe2O4@Co3O4/SiO2 (replicate 3) showing peak fitting and positions.  
 
Table B.5. Temperature maxima from the H2-TPR profiles of NiFe2O4@Co3O4 and NiFe2O4@Co3O4/SiO2. The peak 
positions for NiFe2O4@Co3O4 were given in Figure 4.3 in Chapter 4 whilst that for NiFe2O4@Co3O4/SiO2 
is given in Figure B.9 – Figure B.11. 












NiFe2O4@Co3O4  0.0512 164 226 330 377 404 
NiFe2O4@Co3O4/SiO2 
(replicate 1) 
0.524 252 379 450 650 
NiFe2O4@Co3O4/SiO2 
(replicate 2) 
0.0530 280 361 407 499 
NiFe2O4@Co3O4/SiO2 
(replicate 3) 
0.049 230 338 372 480 
 
